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Abstract 
 
Bi2O3-M2O5, M = P, As, V systems and related materials were prepared by solid state 
reactions. The phase purity of the materials was determined by X-ray diffraction (XRD). 
Further characterization using ac impedance spectroscopy and differential thermal analysis 
(DTA) were carried out on single phase materials. Besides, inductively coupled 
plasma-atomic emission spectrometry (ICP-AES), density measurement, thermogravimetric 
analysis (TGA), differential scanning calorimetry (DSC), scanning electron microscopy 
(SEM), Fourier-transform infrared (FT-IR) spectroscopy and Raman spectroscopy were also 
performed on selected materials. The crystal system and space group of the single phase 
materials were determined. 
 
Two narrow solid solution series were formed in xBi2O3-P2O5: 5.5 ≤ x ≤ 6 and          
7 ≤ x ≤ 7.25. In DTA study, a phase transition was clearly seen in Bi7PO13 and Bi29P4O53.5 at 
~860oC. 
 
XRD shows that single phase materials were formed in xBi2O3-As2O5 binary system when x 
= 5, 5.5, 5.667, 5.75, 6 and 7. Among these, materials in the composition range of 5 ≤ x ≤ 
6.25 appeared to be solid solutions. Attempts to synthesize materials of composition of 
xBi2O3-As2O5, 1 ≤ x ≤ 4 were unsuccessful.  
 
Single phase materials were formed in xBi2O3-V2O5 binary system, 5 ≤ x ≤ 6 and x = 7. A 
phase transition was observed in Bi17V3O33 and Bi23V4O44.5 at ∼180oC. However, its origin is 
unknown.  
 
Materials of composition xBi2O3-M2O5, 5.5 ≤ x ≤ 6 (M = P) and 5 ≤ x ≤ 6 (M = As, V) are 
refined in triclinic symmetry with space group of P-1. Meanwhile, monoclinic symmetry was 
 v
found in materials where x = 7, 7.25 (M = P) and x = 7(M = As, V). The XRD and IR 
patterns of both series of xBi2O3-As2O5, 5 ≤ x ≤ 6.25 and xBi2O3-V2O5,   5.5 ≤ x ≤ 6 solid 
solutions are very similar since these materials are isostructural. Generally, lattice parameters, 
volumes and densities of the materials in xBi2O3-M2O5 system, M = P, As, V increased with 
the increase of Bi content.  
 
A complete solid solution series was formed in the Bi22P4O43-Bi22As4O43, 
Bi22P4O43-Bi22V4O43, Bi22As4O43-Bi22V4O43, Bi23P4O44.5-Bi23As4O44.5, Bi23P4O44.5-Bi23V4O44.5, 
Bi23As4O44.5-Bi23V4O44.5, Bi12P2O23-Bi12As2O23, Bi12P2O23-Bi12V2O23, Bi12As2O23-Bi12V2O23 
and Bi7AsO13-Bi7VO13 systems. In Bi7PO13-Bi7AsO13 and Bi7PO13-Bi7VO13 systems a 
two-phase region was seen. All the single phase materials studied above appeared to be 
oxide-ion conductors. Conductivity increased with increasing vanadium content, followed by 
arsenic and phosphorus. Among the materials prepared, the highest conductivity is obtained 
in Bi23V4O44.5 with a σ value of 1.34 x 10-4 ohm-1 cm-1 at 300oC. In an attempt to optimize 
oxide ion conductivity, chemical doping using PbO, Sr(NO3)2, Al2O3, Ga2O3, La2O3, Fe2O3 
etc. was carried out in selected materials, resulting in the formation of limited solid solutions. 
These materials, however, exhibit conductivity slightly lower than that of the parent 
materials. 
 
Ball milling process has been carried out in the preparation of Bi23V4O44.5 in addition to 
manual grinding prior to firing of the samples. In ball milling process, high-density, 
fine-grained powders with uniform grain-size distribution were obtained, resulting in an 
increase in conductivity and dielectric constants.  
 
 vi
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Solid Electrolytes and Oxide Ion Conductors 
Electrical conduction occurs by the long range diffusion of either electrons or ions. 
Usually, conduction by either electron or ion predominates in a material. However, in 
some organic materials both ionic and electronic conductions are significant. Superionic 
conductors or solid electrolytes refer to solids that show high conductivity in the 
absence of a significant electronic contribution.  
 
Most crystalline materials have low ionic conductivities because, although the atoms or 
ions vibrate they cannot usually escape from their lattice sites. For example, NaCl is an 
insulator at room temperature with a conductivity of only ~10-15 ohm-1 cm-1. In solid 
electrolytes, cations or anions are essentially free to move throughout the structure. 
Solid electrolytes are, therefore, intermediate between normal crystalline solids and 
liquids. Often, solid electrolytes are stable only at high temperatures.  
 
The idea that ions can diffuse as rapidly in solid as in an aqueous solution or in a molten 
salt may seem astonishing. However, since the 1960s, a variety of solids such as 
crystalline compounds, glasses, polymers and composite materials with exceptionally 
high ionic conductivities have been discovered. They are generally known as solid 
electrolytes, superionic conductors, or fast-ion conductors. Their ionic conductivities 
are in many cases comparable to those of the best liquid electrolytes. Unlike their liquid 
counterparts, solid electrolytes show conduction of either anions or cations, but 
generally not both. A significant amount of work has focused on materials which show 
fast conduction of anions, such as F- and O2-. Meanwhile, much research has been done 
on cation conducting solids with charge carries such as H+, Li+, Na+, Cu+, Ag+.  
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band-gap in insulators that allows extremely few electrons to become excited from the 
valence into the conduction band (Hummel, 1992). 
 ionic conduction, some vacant sites are required so that adjacent ions can hop into the 
l sites.  In order for ions to move through a crystalline solid, they 
ust have sufficient energy to pass over an energy barrier and there must be empty 
ture 
as ions vibrate more vigorous
ctivit  is giv  by 
σ = Σ nieiµi                     (1.1) 
 i 
             (1.2) 
n  can change their position under the influence of       
          µion  =  the mobility of these ions 
ion depends on the vacancy concentration caused by Schottky or Frenkel defects (for 
trinsic conduction). 
he mobility of ions, µion may be linked to diffusion theory. From Einstein relation, 
 = De/kBT               (1.3) 
e: thi depen ence y 
]             (1.4) 
where  Ea   =   activation energy 
 
In
vacancies, leaving their own sites vacant or, some ions in interstitial sites which can hop 
into adjacent interstitia
m
lattice site for the ion to hop into. Thus, ionic conduction is easier at higher tempera
ly and defect concentrations are higher. Besides, a highly 
polarized anion framework is needed for significant ionic conduction. 
 
For any material and charge carrier, the specific condu y en
          
For ionic conductivity, 
                                             σion = Nioneµion   
 
where  Nio  =  the number of ions which
                        an  electric field 
  
 
N
in
 
T
µion
The diffusion coefficient, D varies with temperatur s d is commonl
expressed by an Arrhenius equation: 
    D = Do exp [-(Ea/kBT)
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  Do  =   pre-exponential factor which depends on the vibrational frequency of the  
                       atoms and some structural parameters 
 kB  =   Boltzman constant 
y combining Equations 1.2, 1.3 and 1.4, we get: 
        σion  =   σo exp – (Ea/kBT)              (1.6) 
here    σo    =       Nione2Do
.1.2 Solid Oxide Fuel Cell 
            T =   absolute temperature, K 
            e    =   elementary charge 
 
B
 
                   Nione2Do
   σion  =                           exp – (Ea/kBT) 
                                                        kBT               (1.5) 
 
Equation 1.5 can be written as  
                            
w
                       kBT  
 
The activation energy, Ea of the material may be obtained from the slope of the 
Arrhenius plot of log σion versus 1/T (West, 1999; Hummel, 1986). 
 
One group of advanced ceramic materials, oxide ion conductors, are of commercial 
interest for a number of industrial applications, including solid oxide fuel cells, oxygen 
sensors, oxygen pumps and exhausted catalysts. 
 
1
For a growing number of power generators and users, fuel cells are the key to the global 
energy future. Clean, quiet, efficient, and compact, fuel cells generate electricity 
through chemistry instead of combustion. As they become more widely used, fuel cells 
promise in reducing global warming, air pollution and dependence on petrol or other 
energy sources.  
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Fuel cells are electrochemical energy conversion devices that generate electricity and 
heat by converting the chemical energy of fuels. Like batteries, fuel cell can be 
connected together in series to produce higher voltages. Fuel cells and batteries differ. 
A battery is an energy storage device that stores its fuel internally and that can supply 
only a fixed amount of energy. Reactants used in fuel cells are supplied externally, and 
a fuel cell has no fixed capacity. It generates electricity as long as fuel and water are 
supplied. Fuel cells can accept almost all any kind of fuel, including natural gas, coal 
gas, gaseous fuels from biomass and liquid fuels, although some fuel may require 
reprocessing and purification. 
e heating and cooling, and generating extra 
lectricity by spinning a gas turbine linked to the unit. As a power generator, it can 
convert more than 55% of the energy in its fuel source to electricity. Its efficiency is 
much higher than that of conventional coal plants, for example, operating at efficiencies 
of only ~34%. When the high-quality exhaust from the electrochemical process is used, 
overall efficiencies of a SOFC could reach 85%. Besides, SOFCs can serve as auxiliary 
power units in motor vehicles.  A compact SOFC system can supply a maximum power 
of 64 kW for driving and that the system efficiency is 3-4 times higher than an internal 
combustion engine system (Yamada et al., 2002). 
 
SOFCs are made from solid state materials, namely ceramic oxides. SOFCs consist of 
three components: a cathode, an anode, and an electrolyte sandwiched between the two 
(Figure 1.2). Oxygen from air is reduced at the cathode and is converted into negatively 
charged oxygen ions (O2-). These ions travel through the electrolyte to the anode, where 
they react with fuel that has been delivered to be anode. The fuel is oxidized by the 
p
 
Much of the interest focused on four types of fuel cells – solid oxide, proton exchange 
membrane, molten carbonate, and alkaline. Solid oxide fuel cells (SOFCs) are 
particularly attractive because they have the highest efficiencies of any conventional 
fuel cell design and the potential to use many fuels, including gasoline and diesel, 
without expensive external reformers that create more volatile chemicals. SOFCs can 
operate at high temperatures, producing high-grade exhaust, which can be recovered 
and used for other applications, such as spac
e
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oxygen ions and releases electrons to an external circuit, thereby producing electricity. 
The electrons then travel to the cathode, where they reduce oxygen from air, thus 
continuing the electricity-generating cycle.  
 
Useful 
Power 
Anode
Cathode
Solid electrolyte
O2-O2-
e 
e 
O2 + 4e- → 2O2-
H2 + O2-       →  H2O + 2e-
CO + O2-      →  CO2 + 2e-
CH4 + 4O2-   →  CO2 + 2H2O + 8e-
Fuel: CO2, H2 or CH4
Products: CO2, H2O 
Figure 1.2: Concept diagram of SOFC (Fisher, 1999) 
 
00oC) is required owing to insufficient 
xide ion concentration at lower temperatures. As a result, the stacks’ interconnections 
a terials that are expensive and difficult to manufacture. This 
e is comparable to that of an aqueous electrolyte. If the operation temperature 
A single cell has a voltage of 1 volt or less, thus several cells must be connected in 
series using electrical interconnections to achieve higher voltages. The complete unit is 
called a fuel cell stack. Yttria stabilized zirconia (YSZ) has been used as electrolyte in 
SOFCs but an extremely high temperature (~10
o
are m de of ceramic ma
leads to high cost in fabrication of the cell. Besides, lowering the operating temperature 
would also extend the operating life of the cell.  
 
1.1.3 Oxygen Sensors 
In solid electrolytes, the mobility of oxygen ion O2- is usually very low at room 
temperature. However, at high temperature (> 600oC), the conductivity of solid 
electrolyt
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is not too high or the oxygen partial pressure is not too low, the conductivity due to 
h of free oxygen, as when unburnt fuel is present in the exhaust, the sensor 
enerates a voltage of somewhat over 0.8 V. However, zero voltage is generated if there 
The automobile’s computer automatically adjusts the flow of 
tions 
Many of 
crystalline y, 
ther e t
described b
(1) substitutional solid solutions, where the atom or ion being introduced 
 considerable variety of more complex solid solution mechanisms may be derived by 
es to those in the parent structure or by creating vacancies (West, 
1999). 
electron mobility can be neglected and pure oxygen ion conduction is assumed. This 
property is utilized in concentration cells by measuring oxygen partial pressure in a gas 
mixture. 
 
The measurement and control of oxygen atmosphere inside a ceramic kiln are critical 
for the manufacture of ceramic products. The oxygen sensor used in automobile’s 
exhaust system keeps the car efficient and the air clean. There are two types of oxygen 
sensors, zirconia and titania. To date, the stabilized zirconia-based oxygen sensor is 
used widely in motor automobiles for controlling the air/fuel ratio. When the zirconia 
sensor is hot, it responds to the presence or absence of oxygen in the vicinity. If there is 
a deart
g
is free oxygen present. 
fuel to keep the sensor reading approximately 0.4 V, thereby keeping the fuel mixture 
ideal.  
 
1.2       Solid Solu
the materials of interest are solid solutions of stoichiometric phases. A 
phase is said to be a solid solution if it has variable compositions. Generall
e ar wo types of simple solid solutions that are found in a doped crystal as 
elow: 
directly replaces an atom or ion of the same charge in the parent structure; 
(2) interstitial solid solutions, where the introduced species occupies a site that 
is normally empty and no atoms or ions are left out. 
 
A
having both substitution and interstitial formation occurring together or by introducing 
ions of different charg
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 There are 
solutions, i
(1) 
d change linearly with 
. 
(3)  a solid solution, interstitial 
mechanisms usually lead to an increase in density because extra atoms or 
 involving vacancy 
ensity.  
ase 
entification. The material is said to be “X-ray pure” if all lines in the powder pattern 
ich determine powder patterns: (a) the size and shape of 
e unit cell and (b) the atomic number and position of the atoms in the cell. Thus, two 
some recommended experimental methods for studying formation of solid 
ncluding: 
X-ray diffraction: X-ray diffraction may be used to determine the crystalline 
phases that are present in a material. It may also be used to measure the 
powder pattern accurately and obtain the unit cell dimensions, since these 
may undergo a small contraction or expansion as composition varies. 
According to Vegard’s law, unit cell parameters shoul
composition. It assumes implicitly that the changes in unit cell parameters 
with composition are governed purely by the relative sizes of the atoms or 
ions that are ‘active’ in the solid solution mechanism
(2) Thermal analysis: many materials undergo abrupt changes in structure or 
property on heating. Usually, the temperature of the change varies with 
composition if the material forms a solid solution.  
Density measurements: in formation of
ions are introduced to the unit cell, whereas mechanism
creation may lead to a decrease in d
 
1.3       Theory on Experimental Techniques 
1.3.1 X-Ray Diffraction (XRD) 
X-ray diffraction, with its ability to distinguish between different atomic arrangements 
in crystalline samples, has always been viewed as one of the most powerful analytical 
tool available especially in the field of materials. In most work on the synthesis and 
characterization of new materials, XRD is used as the standard technique of ph
id
can be indexed. However, this does not guarantee the complete absence of secondary 
phases; there could be the presence of 2-3% of a secondary phase (Lee et al., 1997). 
 
There are two main factors wh
th
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materials may have the same crystal structure but almost certainly will have distinct 
powder patterns (West, 1999). 
 
When a monochromatic X-ray beam with wave length λ is incident on lattice planes in a 
 occur when the distance traveled by the ray 
lete number n of ave-
his is described by Bragg’s equation:  
ram containing 
eaks (reflections) that are characteristic of the particular atomic arrangement(s) of the 
btained about the identity of the phases 
(qualitative information), their atomic arrangement (structural information), their 
relative concentrations (quantitative information), as well as the possible presence of a 
non-crystalline amorphous phase.  
crystal at an angle θ, diffraction peaks
reflected from successive planes differs by a comp   w lengths.  
 
T
          n λ = 2 d sin θ           (1.7) 
in which d is the spacing between the planes (Figure 1.3). 
 
By varying the angle θ, Bragg’s equation is satisfied by different d-spacings in 
polycrystalline materials. A diffractometer collects intensities over an angular range by 
measuring 2θ, the angle between the incident and the diffracted beam. The resulting plot 
of the intensity as a function of the 2θ value is known as a diffractog
p
crystallites in the sample; the so-called ‘phases’. The diffractogram is formed by the 
sum of the individual patterns if a mixture of different phases is present. 
 
From such a diffractogram, information can be o
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.3: Principle of X-ray diffraction 
θ
θ
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       (1.10) 
                              (1.11) 
1.3.2 Electrical Properties 
Electrical properties of electroceramics are the result of different contributions from 
various components and processes present in materials. Generally, the dielectric 
properties in a material arise due to inter-grain, intra-grain and electrode processes. It is 
important to separate the grains, grain boundaries and electrode contributions in order to 
achieve reproducibility and to have a control over the properties. The method of 
complex impedance analysis has emerged as a very powerful tool for separating the 
contributions mentioned above. It is useful in studying defects, microstructures, surface 
hemistry and electrical conductivity for materials including ferroelectrics, dielectrics, 
A m ial
spontaneou ersed by an applied electric field. A 
ferr ctri
centrosymm
where it l ompanied by a 
max m 
coefficient ansition at TC is from the 
ferroelectric to the paraelectric phase. 
nclude: 
(1) the microstructure of the ceramic which has a major effect on the nature and 
; 
c
ionic conductors, and adsorbate-adsorbent interfaces.  
 
ater  is said to be ferroelectric if it exhibits, over some range of temperature, a 
s electric polarization that can be rev
oele c material undergoes a phase change from an asymmetrical, non-
etric crystal structure to a centrosymmetric structure at a Curie point, TC, 
oses spontaneous polarization. This phase change is acc
imu relative permittivity (dielectric constant) at TC and in the piezoelectric 
s. It can normally be expected that the tr
 
There are at least three factors which affect conductivity data (Lacerda et al., 1988). 
These i
size of the grain boundary impedance
(2) the nature of the electrodes which affects the conductivity; during the initial 
stages of firing pellets with fresh electrodes attached, oxygen appears to be 
removed from the sample leading to an increased resistance 
(3) the presence of water in the sample which appears to affect the bulk 
conductivity only and not the grain boundary. 
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In this research, the electrical properties of single phase materials were studied using an 
ac impedance analyzer and a high precision inductance/capacitance/resistance (LCR) 
eter. 
 
relaxation time or time constants. The equivalent circuit of the sample and electrode is 
represented by some combination of resistive, R and capacitive, C components of each 
region which is often unknown. For any particular fixed frequency, the values of R and 
C that are obtained at the balance point of the bridge do not necessarily correspond to 
real R and C values of the sample or cell. Thus, it is necessary to make measurements 
over a wide frequency range in order to determine R that corresponds to the true bulk 
resistance of the crystals.  
C conductivity values can usually be extracted from ac data and in favorable cases, it 
m
 
1.3.2.1 General Principles of the AC Method 
The ac impedance analyzer performs measurements over a wide range of frequencies 
and the different regions of the materials are characterized according to their electrical
 
D
is possible to obtain information about electrode capacitance, C, grain boundary 
resistance and capacitance and the amount of electronic conductivity present. AC 
measurements are often made with Wheatstone bridges as shown in Figure 1.4 and 1.5. 
 
      Figure 1.4: Admittance bridge              Figure 1.5: Impedance bridge 
 
When an alternating field, E* = Eo exp j(ωt) where j = √-1 is applied across a parallel  
R-C circuit, an alternating cur t + θ) is induced in the system. Vo and rent, I* = Io exp j(ω
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Io are the amplitude of voltage and current, respectively, ω is the angular frequency and 
, the phase difference between V* and I*. 
resistor, R under an applied field, E is 
depen ent of reque y and is given by Ohm’s law 
            (1.12) 
ntirel composed of resistance, R. 
he lo  may also ntain eacta e, X 
apacitors and inductors (Fowler, 1994). 
           (1.13) 
 
The ma o of t  ampl ude of otent  
              | Z | =  Eo / Io  
          (1.14) 
  
 
    (Ar strong and Todd, 1995) 
essed in any of the four basic formalisms. These 
mittance (Y*), electric 
            (1.17) 
         *  =   [jwCoZ*        (1.18) 
                   (1.19) 
θ
 
In dc circuit, the current, I passing though a 
in d  f nc
                                             I = E/R  
 
However, an ac circuit may contain a load that is not e y 
T ad  co  r nc which is opposed to current caused by 
c
In ac circuit, Equation 3.6 may be written as  
I  =  E / √ R2 + X2
   =  E / Z  
where Z is the impedance. 
gnitude of impedance is the rati he it  p ial to the current, i.e.
 
 
while the two components of vectors Z are  
    | Z’| =  | Z | cos θ           (1.15)
    | Z”| =  | Z | sin θ           (1.16) 
         m
 
AC response of a material can be expr
are conventionally expressed as complex impedance (Z*), ad
modulus (M*) and relative permittivity (   
where  Y* =  Z* -1  
ε*),
   ε ]-1      
          M*  =   ε* -1  =  jwCoZ*    
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T ohese f ur functions are jointly called ‘Immittance’ functions. These are given as: 
)
                          Y*  =  Y’+ jY”                                 (1.21) 
                              Z*  =     =    ,   M*   =  
                    Y*             τωεoε'           ε*       (1.25) 
 
as a function of frequency has been widely used since the pioneering 
ork of Cole and Cole (1941). It is most suited for dielectric materials having low 
.3.2.2 Feasible Application of AC Impedance Spectroscopy 
py is a powerful technique in unraveling the structure, 
 
      Z*  =  Z’ – jZ”                     (1.20
 
                     M*  =  M’ + jM”          (1.22)
               ε *  =  ε ’- j ε”           (1.23) 
                                                              
                                                            ε”  M”  Z’ Y” 
where              tan δ =         =          =          = 
     ε’  M’  Z” Y’        (1.24)
  
 
          1                 1           1 
and       
 
                       
 
where  ω  =  2πf, the angular frequency 
   j   =   √-1 
                        Co =  the capacitance of the empty cell i.e. geometrical capacitance 
 
The study of ε* 
w
conductivity. For other type of materials, Z*, Y* and M* are most suitable as they 
facilitate the modeling of equivalent circuits and easy visualization of various charge 
transfer process.  The frequency regions where response of materials under test is not 
visible in the Z* plots would be highlighted in M* plots. In general, Z* and Y* are used 
to extract R values whereas ε* and M* are used to extract C values (Sinclair et al., 
2000). 
 
1
Impedance spectrosco
composition, dopants and dopant (or defect) distribution of electroceramics. This is 
made possible by utilising the different frequency dependence of the constituents for 
their separation. 
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In ac impedance, measurements are made over a wide range of frequencies and the 
different regions of the materials are characterised according to their electrical 
laxation times or time constants (Irvine et al., 1990). The corresponding relaxation 
t 
rfac  fast a ross t grain boundaries and faster through the 
ferent ts 
nd assign them to appropriate regions of the sample. 
nalys  of ac t by complex lane m thods The c es 
be represented by a plot of the real 
ponent, X (or Z”) for the impedance at 
ifferen  frequ o ly cal
Total impedan  fo ponent is given by:  
                                    1    
                 Z* =                     =   Z’ – jZ”       (1.26) 
                   jωC + 1/R                    1 + jωCR 
   
ω, the relation between Z’ and Z” is:   
                              R    2    
       +   (Z” – 0)2 =   
         (1.29) 
 
 
re
times, τ, are characteristic of the particular species or interface: slow for interactions a
the electrode sample inte e, c he 
grain interiors (Jonshers, 1983). It is usually possible to identify dif  RC elemen
a
 
1.3.2.3 Cole-cole Plot 
A is  data is often carried ou  p e . omplex seri
impedance, Z = √ R2 + X2    = R + jX = Z’ - jZ” can 
component, R (or Z’) versus the imaginary com
d t encies. This is comm n led the Cole-cole plot (Cole-Cole, 1941) or 
complex plane plots. 
 
ce Z* r the circuit containing one parallel RC com
R
                    = 
 
 
 
                                    R     
where        Z’ =                                      
        1 + ω2C2R2                       (1.27) 
 
                                   ωCR2     
                 Z” =                                      
        1 + ω2C2R2                             (1.28) 
 
By eliminating 
 
                      R    2
Z’ - 
2 2 
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This represent the equation of a circle with center coordinate (R/2, 0) and radius equal
to R/2, which passes through origin with its center on the real axis. The co-ordinate at 
the top of the semi-circular arc, at a particular frequency ωo, is (R/2, R/2). Thus, by 
substitution of Z’ = R/2 and Z” = R/2 in Equations 1.27 and 1.28, the relation ωoRC = 1 
is obtained, where ωo = 2πfo. When plotted on a linear scale, the data usually takes th
form of a semicircle(s) and/or spikes (Figure 1.6) which has intercepts on the Z’ axis of 
zero and R; the maximum of the semi-circle equals 1/2R and occurs at a frequency suc
that ωRC = 1.  
 
e 
h 
 
ion, are 
always positive for dielectric or conductive materials. Therefore, for single crystal only 
one semicircular arc is obtained with single time constant. For a polycrystalline 
dielectric material, more than one semicircular arc or depressed circular arcs may be 
obtained depending on the number of process having different time constants,  τ’s, such 
as τ1 and τ2.  
 
The different values of time constant refer to the different RC products i.e. R1C1 and 
R2C2 (Figure 1.7). The different values of time constant correspond to different 
relaxation processes, occurring in various regions of polycrystalline materials.   
 
ωRC = 1
Z” (ohm) 
1/2
R
R 
1/2R 
Z’ (ohm) 
Figure 1.6: Semi-circle and spike in a complex Z* plot 
 
The RC product is known as time constant i.e. relaxation time, τ. It should be noted that 
real and imaginary parts of these functions referred to as immittance funct
 16
 C1 C2
R1 R2M” 
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Figure 1.7: Possible equivalent circuits and its corresponding frequency response in   
complex plane plots for the four electrical formalisms (Hirose and West, 
1996) 
f parallel  in Figure 3.7 and the impedance can be represented as: 
 Z*  =  [R1-1 + jωC1]-1 + [R2-1 + jωC2]-1        (1.30) 
a t. 
s for the 
 
In such type of materials, the equivalent circuit can be represented as a series network 
RC elements as showno
 
 
 
where subscript 1 and 2 represent the number of time const n
 
Table 1.1 lists the equations for real axis intercepts in all four formalism
equivalent circuit in Figure 1.7   
 
 
0 ε’ x
f 
y
ε”
0 Y’x 
f
y 
0 Z’x 
f
y 0 M’ x
f 
Z
y
Y
Table 1.1: Equation for real axis intercepts in all four formalisms for the equivalent   
out these conditions.  
or polycrystalline materials, grain boundary effect is unavoidable. Generally, the 
sistance of grain boundaries exceeds that of the grains and restricts the flow of current. 
r these materials, a second semi-circle may be observed in impedance plane plot if 
the applied frequencies are low enough for the materials (Figure 1.6). It is found that the 
grain boundary (the low frequency arc) capacitance usually lies in the range   10-11 to 
10-8 F. Well-sintered materials with narrow intergranular regions may have higher 
capacitance values. This may be explained by using the ‘brickwork’ model (Irvine et al., 
1990).  of 
cube-shaped grains er by a boundary of 
2
 
circuit in Figure 1.7   
 
Formalism           x                 y         x + y 
 
        Z*         R2     R1       R1 + R2 
        M*       Co/C1             Co/C2    Co/C1 + Co/C2 
        Y*         1/R1 – 1/ (R1 + R2)                1/ (R1 + R2)          1/R1 
           ε*      C2/C0 – 1/ (1/C1 +1/C2)         1/ (1/C1 +1/C2)               C2/Co
 
# for Z* and Y*, the conditions C2  >> C1, C’2 >> C’1 and C”2 >> C”1 are applied. For M* and ε*, the 
condition R2 >> R1, R’2 >> R’1 and R”2 >> R”1 are applied. Some equations become much more 
complicated with
 
F
re
Fo
The ‘brickwork’ model shown in Figure 3.8 represents a ceramic composed
with dimension l  and separated from each oth1
thickness l .  
 
Grain boundary  
 
  
  
 
 
Figure 1.8:  Bri
be
 ine et al., 990) 
B
l1l2
ckwork model of grain boundary regions in a ceramic placed 
tween metal electrodes (Irv  1
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For a parallel plate capacitor, the capacitance is given by 
   (1.31) 
         A  =  area of each plate 
rom the inverse relation between thickness and capacitance (Equation 1.31), we get 
ince l2  l1 
ine et al., 1990) 
ith a typical relative 
 typical 
e values 
associated with the respective phenomenon involved is given in Table 1.2. 
 
                                               C = ε’εoA/l 
where  ε’ =  relative permittivity of medium between the plates 
  
            l   =  separation between the plates 
            εo =  permittivity of free space 
                =  8.854 x 10-14 F cm-1 
 
F
                                          Cb / Cgb = l2 / l1           (1.32) 
Thus, Cb < Cgb s  <
where   Cb    =     bulk capacitance value
             Cgb   =     capacitance value attributed to grain boundary 
                                                                                                        (Irv
 
For a material with unit cell constant or l/A = 1 cm-1 and w
permittivity of ~10, a capacitance value of ~1 x 10-12 F is expected. This is
values for the bulk capacitance of a sample. A summary of capacitanc
 
Table 1.2: Capacitance values and their possible interpretation (Sinclair et al., 2000) 
Capacitance (F)                 Phenomenon responsible 
10-12      Bulk 
10-11      Minor, second phase 
10-11-10-8     Grain boundary 
10-10-10-9     Bulk ferroelectric 
10-9-10-7     Surface layer 
10-7-10-5     Sample-electrode interface 
10-4      Electrochemical reactions 
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Usually, ac measurements are made with blocking gold electrodes whereby there was 
represented as a double-layer capacitance, Cdl, 
with typical m  in 
series with mple 
resistanc , and 
gb, 
of  
electroly
                       
where C  is the vacuu
 
Figure 1.9:  Equivalent circuit for a polycrystaline solid electrolyte: Cdl –electrode 
double-layer capacitance; Cb, Rb – bulk crystals; Cgb, Rgb – grain boundaries 
 
The occurrence of a vertical spike (Z’ is of fixed value, R, and Z” decreases with 
increasing ω) at low frequencies in the complex Z* plane (Figures 1.6 and 1.10b) 
indicates the presence of a large series capacitance in the circuit. This means that the 
electrodes (gold) are probably blocking and, therefore, that electronic conduction in the 
solid electrolyte is small or negligible compared to the magnitude of the ionic 
conductivity (West, 1999). 
neither discharges nor reaction occurring at the electrode-electrolytes interface, and the 
gold-solid electrolyte interface may be 
agnitude of 1 µF cm-1. This double-layer capacitance is effectively
 the sample resistance. In polycrystalline materials, the overall sa
e may be a combination of the intergranular or bulk crystal resistance, Rb
the intergranular or grain boundary resistance, Rgb (Figure 1.9). In parallel with R
there is an associated capacitance, Cgb. The bulk crystal resistance, Rb is in parallel with 
an associated bulk capacitance, Cb; Cb corresponds to the bulk or geometric capacitance 
 the sample or the cell and is related to the dielectric constant, ε’, of the solid
te, i.e. 
ε’ = Cb/Co                                                                                    (1.33) 
o m capacitance of the cell (the same electrode arrangement but 
with a vacuum between the electrodes). 
Cdl
Rgb Rb
Cgb Cb
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  a metal electrode is in contact with a non-metallic phase which has at 
ast two mobile charge carries present so that a non-blocking interface is formed, there 
tical spike. Nevertheless, the 
rface roughness on the interfacial (gold-solid interface) would also affect the form of 
 an atomic 
requencies hich w, the smo th ele , at 
miting frequencies, a line in the complex plane wh xis. 
y contrast, for the rough electrode, a slope as low as 45o may be observed. This may 
(b) 
Z” (ohm) 
 
Figure 1.10: Impedance diagram due to a blocking interface: (a) a 
perfectly smooth interface; (b) rough electrode or due to 
Warburg impedance (Armstrong and Todd, 1995).   
 
However, when
1/2R 
Rb
Z’ (ohm) 
(a) 
le
is a possibility that the interface impedance has a Warburg impedance in series with Rct 
due to the slow diffusion of the species crossing the interface. A Warburg impedance, 
generally given the symbol W, has the characteristic that Z’ = Z” = Aw/ω1/2, where Aw is 
called the Warburg coefficient. It arises from the fact that the concentration of a species 
at an electrode surface is out of phase by 45o with the flux of the same species across 
the surface and thus, giving a 45o spike instead of a ver
su
spike obtained. 
 
Generally, all interfaces between two solids will tend to be very rough on
scale. At f w are sufficiently lo o ctrodes will give
li ich is almost parallel to the Z” a
B
be explained from the fact that currents (either ac and dc) at real interfaces are not 
uniform across the interface (Amstrong and Todd, 1995). 
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Conductivity would vary with oxygen partial pressure if the charge carriers were 
en partial pressure, the oxygen is removed from the 
tial pressures since the conduction species would be partially cancelled by 
troduction of n-type carriers. The reverse is true if the conduction species were 
ferent processes occurring in the 
d from her. T e rela tion time is defined as the 
lar 
mitance function. For instance, τM denotes the modulus relaxation time at which M” 
ding peaks overlap with each other to give a summation of 
ebye type peaks and it indicates that there is more than one relaxation process 
electrons or holes. At low oxyg
sample surface which leads to the generation of n-type carriers according to  
                     2O2- → O2 + 4é                   (1.34)
                  (Tukamoto and West, 1997) 
 
If holes were the principle current carriers, the conductivity would decrease with low 
oxygen par
in
electrons.   
 
1.3.2.4 Modulus Spectroscopy 
Combined Z”, M” spectroscopy is used widely to identify the presence of insulating 
and/or semiconducting regions in different types of electroceramics. In particular, M” 
spectra are very useful for probing the electrical homogeneity of bulk-type regions in 
the presence of insulating surface layers and/or grain boundary regions. Combined Z”, 
M” spectroscopy can be also used to study oxygen concentration gradients (Sinclair et 
al., 2000). 
 
In the modulus spectroscopic plots the imaginary part of modulus, M” is plotted as a 
function of frequency. In these plots, each relaxation process manifests itself in the form 
of a Debye type peak if the relaxation times for the dif
material’s ac field are separate  each ot h xa
inverse of angular frequency at the maximum of the imaginary part of the particu
im
reaches the maximum, then ωτM  = 1. If full width at half maximum (FWHM) is equal to 
1.14 decade, then the peak is said to be ideal Debye peak having only one relaxation 
time. If it is more than 1.14 decades, the relaxation times for different processes are 
comparable. The correspon
D
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involved (Irvine et al., 1990). The peak heights of Z” vs log f and M” vs log f are 
proportional to Rp and 1/ Cp as given by the equations: 
                             Z”  =  Rp / 2            (1.35) 
                             M” =   Co / 2Cp            (1.36) 
 
where Co is the capacitance of the empty c ll. Both im dance and modue pe lus 
ther. While the more resistive element 
mpe ance s ement dominates 
 the modulus spectrum.  
s a single peak, corresponding to the semi-circle in Figure 
1.10(a) but the M” plot shows two peaks (Figure 1.11). The higher frequency M” peak 
represents a bulk component of the sample. M” and Z” spectroscopic plots give 
different weightings to the data and thus different features of the sample are highlighted. 
Impedance plots pick out the most resistive elements (since Z”max = R/2) while modulus 
plots pick out elements with the smallest capacitance (since M”max = εo/2C) for the 
particular element. If the peak heights of the modulus plots, which are proportional to  
-1 rent temperatures, this indicates that the sam les do not exhibit 
ferroelectric p als that are 
spectroscopic plots are complementary to each o
dominates in the i d pectrum, the less reactive or capacitive el
in
 
In inhomogeneous materials, whereby the grain boundary resistance may, in certain 
circumstances, dominate the overall impedance, a single semi-circle may be seen in the 
complex impedance plane (Figure 1.9) which may in fact show a slight departure from 
ideality at high frequency. If the same data are reprocessed and presented in the 
complex electric modulus, M*, formalism (Equation 1.36), 
                                                       M* =   jωCoZ*                                   (1.37) 
                                           where  Co   =   εoA/l 
                                    M”  =   (εo/C). [ωRC / 1 + (ωRC)2)] 
 
then, the response of both grain boundary and bulk regions may be seen. This is 
demonstrated clearly in the form of spectroscopic plots of imaginary components, M” 
and Z”. The Z” plot contain
C , are similar at diffe p
roperties in the temperature range studied. In materi
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inhomogeneous and are represented by more than one RC element, the resulting M” and 
Z” may look very different. 
                                      
Figure 1.11: The Z” and M” spectroscopic plots respective  
     to a complex Z* plot in Figure
Z” 
(ohm) 
Log f (Hz)
M”  
 1.7 
 
ount 
ina was used as reference material. The thermocouples were in direct contact 
 temperature between the sample 
EM is a powerful tool to investigate the morphology, surface structure and the surface 
tructure. The 
 
1.3.3 Thermal Analysis 
In both differential thermal analysis (DTA) and differential scanning calorimeter (DSC) 
analysis, sufficient amount of sample was put into the sample cup and a similar am
of alum
with the platinum cup via a holder.  The difference in
and a reference material (i.e. alumina, Al2O3), TS - TR = ∆T, was measured in both DTA 
and DSC. The temperature of the sample and the reference should be the same until 
some thermal events, such as melting, decomposition or change in crystal structure like 
phase transition, order and disorder occurs in the sample.  
 
In thermogravimetric analysis (TGA), the change in the weight of the sample as a 
function of temperature was measured in order to check for its thermal stability. Any 
chemical or physical process that corresponds to a change in weight such as 
decomposition (a fall in weight) would be observed from TGA thermogram.  
 
1.3.4 Scanning Electron Microscopy (SEM) 
S
appearance or topography of single phase materials and also their micros
 24
main components of the SEM are the source of electrons; the column down which 
electrons travel which contains a number of electromagnetic lenses and a sample 
chamber. The position of the electron beam on the sample is controlled by scan coils 
which are situated above the objective lenses. These coils allow the beam to be rastered 
over the surface of the sample. This enables information about a defined area on the 
sample to be collected. As a result of the interaction of the electron beam with the 
sample, a number of signals are produced to form a magnified, three-dimensional image. 
These signals can provide information not only about the surface appearance or 
topography of the sample but also its composition and microstructure. 
 
1.3.5 Fourier-transform Infrared (FT-IR) and Raman Spectroscopy 
Atom in solids vibrate at frequencies of 1012 to 1013 Hz. Vibrational modes can be 
exited to higher energy states by adsorption of radiation of appropriated frequency. 
ubsequently, the vibrational transitions are observed as infrared (IR) or Raman spectra. 
ochromic 
ght of frequency v (laser), then, because of electronic polarization induced in the 
 and Raman spectra of solids are usually complex with a large number of peaks, each 
. For a mode to be IR active, the 
S
However, the physical origins of these two spectra are markedly different. IR 
(absorption) spectra originate in photons in the IR region that are absorbed by 
transitions between two vibrational levels of the molecule in the electronic ground state. 
Meanwhile, Raman spectra have their origin in the electronic polarization caused by 
ultraviolet (UV), visible, and near-IR light. If a molecule is irradiated by mon
li
molecule by this incident beam, the light of frequency v (“Rayleigh scattering”) as well 
as that of frequency v ± vi (“Raman scattering”) is scattered where vi represents a 
vibrational frequency of molecule. Thus, Raman spectra are presented as shifts from the 
incident frequency in the UV, visible and near-IR region.  
 
IR
corresponding to a particular vibrational transition
associated dipole moment must vary during the vibrational cycle. Consequently, 
centrosymmetric vibrational modes are IR inactive. For a vibrational mode to be Raman 
active, the nuclear motions involved must produce a change in polarizability.  
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Non-organic materials especially metals absorb at very low frequency since the 
are rapidly adsorbed 
y solid matter.  
difference 
etween the energy, hv, of the incident radiation and the binding energy or ionization 
.4        Significance of Study 
2O5/V2O5 systems having structures closely related to CaF2 and δ-Bi2O3 (Jie 
nd Eysel, 1995; Zhou, 1988) spawned intensive research on these materials. 
3-P2O5 binary system with x ranging from 5 to 9. 
The x
studied. Th rmally show similar crystal chemistry and could substitute 
adsorption depends on the relative masses of the atom, the force constant of the bonds, 
and the geometry of the atoms. Thus, the wavenumber suitable for the study of 
inorganic materials lies in the range of 800–200 cm-1 or even lower. Vibrational spectra 
may be used to provide structural information and used for identification purposes. 
 
1.3.6 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a powerful technique for determining energy 
levels in atom and molecules. It is particularly useful for studying surfaces because the 
electrons that are produced are not very energetic (<< 1 keV) and 
b
 
In XPS analysis, the kinetic energy of electrons that are emitted from matter is 
measured as a consequence of bombarding it with ionizing radiation or high energy 
particles. The inner shell electrons are ionized when atoms are exposed to ionizing 
radiation. The kinetic energy, E, of the ionized electron is equal to the 
b
potential, Eb, of the electron, i.e. E = hv –Eb. For a given atom, a range of Eb values is 
possible, corresponding to the ionization of electrons from different inner shells, and 
these Eb values are characteristic for each element. Measurement of E, and therefore Eb, 
provides a means of identification of atoms.  
 
1
In the last decade, active research has been conducted on bismuth oxide systems for 
their high oxide ion conductivity (Sammes et al., 1999). The discovery of Bi2O3-
P2O5/As
a
 
We have undertaken to study xBi2O
Bi2O3-M2O5 systems with x = 5.5, 6, 5.75 and 7, and M = P, As, V were also 
ese elements no
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each o
been carrie
 
New phase  
condu
sensor. 
1.5       Objectives 
The objectives of this research are:  
(1)  To prepare materials in Bi2O3-M2O5 binary system, M = P, As, V and their 
solid solutions; 
(2) To characterize the resulting si gle phase materials using X-ray powder    
diffraction (XRD), density m asurement, ac impedance spectroscopy, 
thermal analysis (DTA, DSC & TGA), scanning electron microscopy (SEM), 
Fourier-transform infrared spectroscopy (FT-IR) and Raman spectroscopy;   
(3) To optimize the electrical conductivities of selected materials by chemical 
doping. 
 
   
 
 
 
ther easily. Besides, introduction of several cations into selected materials has 
d out in an attempt to optimize oxide ion conductivity.  
s in the Bi2O3-M2O5 system where M = P, As and V with high oxide ion
ctivity could be obtained. They may be used as electrolytes in SOFC and gas 
 
n
e
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CHAPTER 2 
LITERATURE REVIEW 
 
0oC it changes into the tetragonal β-phase or the cubic γ-phase. Nevertheless   
β and γ are not stable at room temperature (Medernach and Snyder, 1978; Laarif and 
Theobald, 1986).  
 
e      
uction 
emp re than hole conduction. 
ile, th β, γ a  ioni
are o l  the 
e uring vacancies (Wu et 
 2001). 
 500oC  
           from 500oC up to 663oC                  ∼2 x 10-3 
γ-Bi O  from 650oC down to 600oC          ∼5 x 10-3            
 
2.1 Bi2O3 Oxide Ion Conductors 
In the study of Bi2O3, four polymorphs were found, viz.: α, β, γ and δ-phase. The 
monoclinic α-phase is stable from room temperature up to 730oC where it changes into 
the cubic δ-phase. The cubic δ form is the high temperature phase which exists between 
730oC and 825oC and appears to be impurity-stabilized at room temperature. By cooling 
α below 65
Conductivities increase in the following sequence: α < β < γ << δ (Tabl  2.1). The 
α-phase is essentially an electronic conductor of type p; above 580oC ionic cond
becomes noticeable and it increases more rapidly with t eratu
Meanwh e nd δ phases are predominantly c conductors and the charge 
carriers xide ions (Takahashi et al., 1972). In bismuth-based materia s,
evaporation of bismuth oxid  d  sintering would produce oxygen 
al.,
 
Table 2.1: Conductivities of different phases of Bi2O3 measured between platinum 
electrodes 
Phase   Existence domain             Conductivity (ohm-1 cm-1) at 650oC 
α-Bi2O3  from 0oC up to 730oC                      ∼3 x 10-4           
β-Bi2O3  from 648oC down to
  
2 3 
δ-Bi2O3  > 730oC     ∼1 
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2.2 δ-Bi2O3 
Over the past decade, bismuth oxide (δ-Bi2O3) and doped Bi2O3 have been intensively 
studied for their high oxide ion conductivity, which is 1-2 order of magnitude higher 
than that of YSZ. It has been proposed that δ-Bi2O3 has a defect fluorite structure where 
25% of the anion sites are vacant, i.e. Bi4O6 2 per unit cell where   represents oxide ion 
vacancy (Takahashi and Iwahara, 1978).  
 
The high ionic conductivity in δ-Bi2O3 supports the view that there is an average 
occupation of oxide ions in the oxygen lattice sites that can move from site to site 
th respect to the 
distribution pattern of oxide ions (Figure 2.1). The role of chemical bonding and 
 the stabilization of δ-Bi2O3 was studied by Medvedeva et al. 
(1996). They noted that the most stable composition of the cubic fluorite crystal 
structure in the Bi-O system with ordered oxygen vacancies occurred for the system 
with two oxygen vacancies per unit cell and the vacancy ordering took place along the 
〈111〉 direction. The essential role in the stabilization of such structure was played by 
Bi-Bi bonds since hybridized Bi-O bonds were not strong. Oxygen atoms were weakly 
bound in the lattice and could migrate easily between oxygen vacancy positions. This 
through the bismuth sub-lattice. Laarif and Theobald (1986) have related the high 
conductivity of this oxide to the geometric relation between lone pairs. Accordingly, the 
lone electron pairs in Bi3+ cause asymmetric oxygen coordination, often resulting in 
acentric or even polar crystal structures with potential technical applications. The ionic 
conductivity is inversely proportional to the distance of E-E from lone pairs to lone 
pairs, which is the most likely pathway for ionic carriers. They suggested that the 
crystal symmetry could play a role in ionic transportation because the number of 
possible paths is larger when the symmetry is higher.  
 
The fluorite type, oxygen deficient structure of δ-Bi2O3 has been proposed by Sillén 
(1937) and Gattow (1962) but their models differed from one another wi
electronic structure in
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could explain the high ionic conductivity of δ-Bi2O3
is compound at high temperatures.  
 corresponding to the idea of 
“melting” of oxygen sublattice in th
 
 
The so
summarize
(2) the electronic structure of Bi  is characterized by the presence of 6s2 lone 
pair electrons, leading to high polarizability of the cation network, which in 
A number of doped-Bi O  systems has been reported. Most of them claimed that the 
high temperature modification δ-Bi O  could be stabilized with an oxide additive (Table 
2.2). Besides, several Bi2O3-based oxide ion conductors with double stabilizers have 
rted (Meng et al., 1988; Berezovsky et al., 1993). However, Watanabe (1990) 
ized by an oxide addition. All the 
                                    
 
Bi 
Oxygen site 
Figure 2.1: Structure  models  for δ-Bi2O3;  (a)  Sillén model showing ordered    
                  defects in <111> direction; (b) Gattow model: average distribution  
                  of 6 oxygen atoms about the sites of Fm3m 
(b) (a) 
 rea ns for the relatively high oxygen ion conductivity in δ-Bi2O3 were 
d recently (Sammes et al., 1999) as:  
(1) ¼ of the oxygen sites are vacant in the fluorite-type lattice; 
3+
turn leads to oxide ion mobility;  
(3) the ability of Bi3+ to accommodate highly disordered surrounding. 
 
2 3
2 3
been repo
reported that the δ phase could not be readily stabil
reported “stabilized” δ phases were quenched phases or fcc-based tetragonal phases. 
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Table 2.2: List of elements doped in -Biδ
Dy, Er   nke et al., 1989;  
abe, 1995; 
Nb, Ta, Mo, W   Kargin et al., 1977; Watanabe, 1984;  
 al., 1999 
 
 Watanabe and Kikuchi, 1986; Jurado et al., 1988; 
 Mizogichi et al., 1999 
 and Kosov, 1982; Watanabe, 2000  
and 25:1. Among these, 
ompound Bi4P2O11 and Bi3PO7 melted incongruently at 957oC and 997oC, 
previous study of Volkov et al. (1983). Three high-temperature compounds were 
2O3  
Elements    References 
Ge      Abrahams et al., 1967 
 
Sm, Eu, Gd, Tb,  Hu et al., 1988; Jurado et al., 1988; Vi
     Koto et al., 1990; Ito et al., 1995, Watan
      Watanabe, 1995b, Drache et al., 1997 
 
  Sekiya et al., 1985; Zhou et al., 1987;  
  Chiodelli et al., 1994; Castro et al., 1998;  
  Islam et al., 1998; Ling et al., 1998; Ling et
Y   Wang et al., 1984; Battle et al., 1986;  
 
 
 
Pb, Ge, Si   Tarasova
 
 
2.3 Bi2O3-P2O5 Binary System 
2.3.1 Polymorphism and Phase Diagram 
In the study of the equilibrium diagram of the Bi2O3-P2O5 system constructed for the 
concentration range 0-50 mol% P2O5, Volkov et al. (1983) stated that five intermediate 
compounds were formed with Bi:P ratios of 2:1, 3:1, 5:1, 12:1 
the c
respectively (Volkov et al., 1983). The compound Bi6.67P4O20 (Bi/P = 1.67) was 
subsequently reported to melt incongruently and give rise to a mixture of BiPO4 and 
3Bi2O3-8BiPO4 (Bi/P = 1.75) on cooling (Ketatni et al., 1998). 
        
The Bi2O3-P2O5 system was reinvestigated by Wignacourt et al. (1991), completing the 
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identified, Bi3PO17 (Bi:P = 3:1) decomposed below 890oC into 11Bi2O3-9BiPO4 (3.4:1) 
and 5Bi2O3-7BiPO4 (2.4:1) phases, the latter being stable only in a narrow thermal 
nge producing 12Bi2O3-13BiPO4 (2.85:1) and 1Bi2O3-2BiPO4 (2:1) on cooling. 
65 ± 10oC. 
his compound exhibited no phase transformation to room temperature. However, 
2O3 melting diagram, Kurbanov et al. (1986) found 
at the melting point for 5.8Bi2O-P2O5 was 951oC, agreeing with that reported by 
tures of 
32-890oC. The authors (1991 and 1993) also reported that the ε → σ transition was 
ra
Finally, 2Bi2O3-7BiPO4 (1.57:1) was observed only above 910oC. Neither of these was 
structurally characterized.  
 
The compound Bi5PO10 melted congruently at 977oC (Volkov et al., 1983). On the other 
hand, Brixner and Foris (1973) reported that Bi5PO10 melted congruently at 9
T
Schultze and Uecker (1985) claimed that Bi5PO10 did not exist, instead a non-
stoichiometric compound Bi5.8PO11.20, melting congruently at 951oC existed.  
 
In the study of Bi23P4O44.5 (5.75:1), a single clear peak in both the heating and cooling 
cycles in the DTA experiment indicated that this phase melted congruently at ∼950oC 
(Watanabe, 1997). There was little change in its XRD pattern as temperature increased 
and this revealed that there was no phase transition in this temperature range 25-850oC 
(Tompsett et al., 1998), which agreed with that reported by Watanabe (1997).  In a 
DTA investigation of the BiPO4-Bi
th
Schultze and Uecker (1985). No polymorphic transformation into δ-Bi2O3 type phase 
was reported for this compound. 
 
Wignacourt et al. (1991) claimed that δ which crystallized in fluorite type structure 
(related to δ-Bi2O3) was stable in the composition range of Bi/P ≥ 6 at tempera
7
observed at 875oC for Bi7PO13. These two phases, ε and σ with monoclinic unit cell, 
have a common orthorhombic subcell which is related to the δ-Bi2O3 fcc form. 
 
For the P-rich materials, the phase diagram of Bi2O3-P2O5 in the concentration range of  
50–85 mol% P2O5 has been studied by Voevodskii et al. (1997). In addition to BiPO4, 
three compositions with Bi:P = 1:2, 1:3, and 1:5 formed in this region. For the samples 
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containing 50.0-66.7 mol% P2O5 (Bi:P = 1:1 → 1:2), the DTA curves exhibited one 
790oC. Bi(PO3)3 underwent a polymorphic transition at 685oC and 
 1000oC, lasting for several days to one month and 
ith intermediate grinding (Table 2.3). Preliminary thermal analysis of the mechanical 
 an 
 
o. 
         
1                          900                 10 days                      Volkov et al., 1983 
          2 week
 
:1                                 600-1000                    several days         Jie and Eysel, 1995 
                  
  
        
     850                 160 h                       Volkov et al., 1983 
 
1            998; 
       Tompsett et al., 1998 
                        8
 
 
 800              3 weeks                                43-470 
:1          820                  15 h                     Wignacourt et al., 1993 
endothermic peak at 
was assumed to melt congruently at 770oC, while BiP5O14 melted congruently at 800oC.  
                   
2.3.2 Synthesis  
The most favorable method for the preparation of compounds in Bi2O3 system is solid 
state reaction, between 600oC and
w
mixtures of the components showed that solid-phase synthesis took place by
exothermic reaction above 700oC. 
 
Table 2.3: Synthesis conditions of Bi-rich compounds in Bi2O3-P2O5 binary system
                  
Bi:P ratio                Temperature/ oC                   Duration                  Reference/ICDD card n
 
1.667:1      950                 N.R.                      Ketatni et al., 1998 
                                       800                              1 week                      Giraud et al., 2000 
 
2:1                                     900                              10 days             Volkov et al., 1983 
 
3:
                                      700 + 860   s + 1 week                 Jie and Eysel, 1995 
4
                                                          to 1 month 
5:1                                   700-800    1-2 h            Brixner and Foris, 1973 
5.75:           850                  50 h                         Watanabe, 1
                830 + 840           80 h + 60 h  Watanabe and Kitami, 199
 
6:1         
 
7
 
 
Note: N.R. = not reported 
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In the preparation of BiPO4, the sample was precipitated from Bi(NO3)3 and H3PO4 
(ICDD card no: 15-766). On the other hand, the compound Bi6.67P4O20 (Ketatni et al., 
1998) was prepared by mixing Bi2O3, CoO and (NH4)2HPO4 in a 1:2:1 molar ratio. The 
mixture was fired at 950oC and slowly cooled at 3oC/h to room temperature. Three 
kinds of crystals were visually isolated from the inhomogeneous melt. The authors 
oncluded that the single crystal of Bi6.67P4O20 did not grow without cobalt, which 
content was determined using a 
helatometric titration with EDTA, and the P content was determined using colorimetric 
was suggested that the roasting temperature of compounds with 
i:P = 2:1 and 3:1 was 900oC for 240 hours. On the other hand, compounds with      
m 
h-
mperature phases.  
c
behave as a mineralizer from the starting change at room temperature. However, the 
transparent appearance of the single crystals obtained did not favor the presence of a 
transition metal.  
 
Voevodskii et al. (1997) noted that it was impossible to synthesize the samples of exact 
stoichiometry as phosphoric oxide rapidly volatilized from samples above 450oC. Thus, 
chemical analysis on the composition of the samples was needed (Brixner and Foris, 
1973; Voevodskii et al., 1997; Watanabe, 1997). The Bi 
c
method by the molybdenum blue reaction. In the attempts of preparing Bi6.67P4O20, 
Ketatni et al. (1998) claimed that the measurement indicated a Bi/P ratio of 1.72, which 
varied from the formal value of 1.66 for the compound. 
 
In the study of Bi2O3-P2O5 system in the concentration range 0-50 mol% P2O5, the 
conditions for the synthesis of the compounds were chosen experimentally and 
subsequently controlled by DTA and XRD (Volkov et al., 1983). A higher synthesis 
temperature was required to increase interaction as the P2O5 concentration in the system 
was raised. Thus, it 
B
Bi:P = 5:1 was annealed at 850oC for 160 hours. These three samples were cooled fro
the synthesis temperature to room temperature at 30oC/h to avoid quenching the hig
te
 
Brixner and Foris (1973) prepared Bi5PO10 according to the following stoichiometry: 
        5.5 Bi2O3  +  (NH4)H2PO4      →      Bi11PO19  +   NH3   +  1.5 H2O             (2.1) 
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 The reaction was carried out at 300oC for 8-10 hours, followed by another firing at 700 
to 800oC for 1-2 hours. An unidentified compound and Bi2O3 existed as reaction 
products. By gradually reducing the Bi/P ratio, the compound Bi5PO10 was obtained. 
However, Bi/P ratio measured was 5.4, a little higher than the theoretical ratio of 5.0. 
Although the synthesis temperature and heating period applied in the preparation was 
uch lower than that suggested by Volkov et al. (1983), both of them claimed that a 
fore being sintered with a heating and
ooling rate of 5oC/min. Watanabe (1997) stated that the actual composition of 
 the 
oichiometric melt (Watanabe and Kitami, 1998). According to the authors, single 
s be grown easily by cooling the melt slowly because of its 
 1964, BiPO4, a white compound was determined to be hexagonal at low temperature 
mperatures stal structure for some Bi-rich 
m
single phase material was obtained with the formula Bi5PO10. However, Schultze and 
Uecker (1985) commented that the compound Bi5PO10 did not exist, instead there was a 
non-stoichiometric compound Bi5.8PO11.2. 
 
In the preparation of Bi23P4O44.5, Tompsett et al. (1998) suggested that the mixtures 
were pressed into pellet for better contact be  
c
Bi23P4O44.5 prepared was virtually equal to the nominal one since the compositional 
changes were negligibly small, where 85.18 ± 0.05 mol% Bi2O3 and 14.82 ± 0.01 mol% 
P2O5 were detected for the compound studied. 
 
Most of the single crystals in Bi2O3-P2O5 system were obtained by the Czochralski 
technique (Brixner and Foris, 1973; Volkov et al., 1983, Schultze and Uecker, 1985). 
Single crystals of Bi23P4O44.5 were grown by spontaneous nucleation from
st
crystal  of Bi23P4O44.5 could 
melting character; it melted congruently at about 950oC. Similarly, single crystals of 
Bi4P2O11 and Bi12P2O23 were prepared by slow melt cooling (Katkov et al., 1997).  
 
2.3.3 Crystal Structures  
In
(ICDD card no: 15-766 and 15-767). Two monoclinic forms were obtained at high 
 (∼700oC). Table 2.4 summaries the cryte
compounds in Bi2O3-P2O5 binary system. 
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 Table 2.4: Structural data of compounds in Bi2O3-P2O5 binary system, in the 
 
eters                  Reference/ICDD card no. 
                                      15-767 
 
 
   
                β o 
                              
                            Katkov et al., 1997 
 
   
β o 
                       Jie and Eysel, 1995 
 
   
                     Brixner and Foris, 1973; 
   26-220 
1                    Wa 997; 
       49-973*; 89-110** 
 
                                                                                β = 86.214o 
                                                                                                               o 
                     43-470 
 
      o 
concentration range of 50–85 mol% P2O5
 
Bi:P ratio       Crystal system, space group             Lattice param
1:1        Hexagonal (room temperature)              a = 6.982 Å                                        15-766 
                                                                                    c = 6.4764 Å 
  
                        Monoclinic (∼700oC)                          a = 6.752 Å  
                                                                        
                                                                                    c = 6.468
            b = 6.933 Å
 Å
                                                                                    β = 103.7o 
                          
1.667:1                    Triclinic, P                               a = 9.195 Å                              Ketatni et al., 1998 
                                                                          b = 7.552 Å           
                                                                                    c = 6.933 Å 
            α = 112.2o
                                                                     = 93.9
                                                                                                   γ = 106.9o 
 
2:1                 Monoclinic, C2/c or Cc                 a = 13.421 Å
                                                            
                                                                                    c = 15.394 Å 
            b = 27.600 Å
                                                                                    β = 99.26o 
                        
3:1     Triclinic, P                             a = 7.042 Å                           44-645 
                                                                                    b = 9.196 Å 
                                                                                    c = 5.678 Å 
            α = 102.33o
                                                                                     = 111.33
                                                                                                                                 γ = 78.63o
                                
4:1                         Monoclinic , P                           a = 10.028 Å     
                                                                                    b = 9.001 Å
                                                                                 c = 15.976 Å 
                                                                                   β = 90.68o  
 
5:1                      Monoclinic, C2/m                           a = 19.642 Å    
                                                                                    b = 11.441 Å
                                                                                    c = 21.131 Å 
                                                                                    β = 112.37o 
 
5.75:      Triclinic, P1*                             a  = 11.366 Å                          tanabe, 1
       P-1**                           b = 11.369 Å 
                                                                                    c = 20.453 Å
                                                                                    α = 77.535o
    
                  γ  = 119.565
 
6:1       Monoclinic, I                             a  = 9.814 Å      
                                                                                    b = 11.440 Å 
                                                                                    c = 6.550 Å
                                                                              β = 92.27
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6:1                         Monoclinic, I                             a  = 12.210 Å                             Jie and Eysel, 1995 
                       b = 11.440 Å 
                              
                               
 
                                                                 b = 11.422 Å 
                              
                                                          
Å       49-38 
.031 Å 
Å 
β = 111.81o      
  
                            Triclinic, P    a = 12.168 Å                      Jie and Eysel, 1995 
                    b = 11.704 Å 
5, BiO6, and BiO8 
olyhedra (Ketatni et al., 1998; Giraud et al., 2000). These chains were connected by 
4
4 2 11 
 or Cc (Katkov et al., 1997). 
                                                             
                                                      c = 15.767 Å 
                                                                                    β = 92.28o 
  
                        Monoclinic, P21 or P21m             a = 19.663 Å                               Katkov et al., 1997
       
                                                      c = 21.129 Å 
                          β = 112.30o 
    
7:1                         Monoclinic   a = 19.649 
                                                                                             b = 12
  c = 24.341 
  
  
  
    
                                                                                    c = 15.651 Å 
                                                                                    α = 90.31o
                                                                                    β = 90.01o 
                                                                                                                                 γ = 94.27o 
 
 
 
The colorless plate-like single crystal of Bi6.67(PO4)4O4 (1.67:1) consisted of infinite 
chains running parallel to the a axis formed by the linkage of BiO
p
BiO8 polyhedra, in which the central atom partially occupied the 1(a) inversion center. 
That produced (Bi6.67O20)∝20- slab parallel to the (ac) plane. Finally, the cohesion 
between the layers was provided by the interconnection of PO 3-. 
 
At room temperature, four compounds were identified with the Bi:P ratios of 31:9, 
37:13, 2:1 and 7:4 (Wignacourt et al., 1991).  Single crystal of Bi P O has a 
monoclinic structure with space group C2/c
 
The structure type of Bi3PO7 was unknown (Jie and Eysel, 1995; Volkov et al., 1983). 
There was no evidence to show the existence of structural relationship of δ-Bi2O3 with 
Bi3PO7 and Bi8P2O17 (Jie and Eysel, 1995). 
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Brixner and Foris (1973) studied single crystal of Bi5PO10 using X-ray photographs and 
indicated that the space group of this compound could be C2, Cm, or C2/m. Further 
analysis showed that the centrosymmetric space group C2/m was the most likely one. 
Schultze and Uecker (1985) however, indicated that the compound Bi5PO10 did not exist. 
 
Unlike Bi5 be, 1997; 
Tom tt e ubcell which was 
clos
positions, W
(1) to the oxygen-deficient fluorite-
type cell, i.e., Bi23P4O54-y where y indicated the oxygen vacancies;  
 they found that the Bi atoms were surrounded statistically by seven or eight 
 atoms with Bi-O bond lengths extending from 2.14 to 2.80 Å, which agreed with that 
 an average site occupancy factor of 0.75 
 57/76). 
I. The existence of small amount of unknown phase 
as observed (ICDD card no: 43-470). The authors reported an alternative cell with 
space group of I in their later work (Jie and Eysel, 1995). However, Katkov et al. (1997) 
PO10, Bi23P4O44.5 (5.75:1) crystallized in the triclinic system (Watana
pse t al., 1998).  The structure was based on a pseudo-fcc s
ely related to the unit cell of δ-Bi2O3 with a’ ≈ 5.5 Å. In order to estimate oxygen 
atanabe and Kitami (1998) assumed the following: 
the pseudo-fcc subcell was closely related 
(2) all O atoms were allocated to the general position 2i; and  
(3) each P atom was tetrahedrally coordinated by four O atoms which occupied 
2i sites with no vacancy and which did not take part in oxide-ion conduction 
because of strong bonds between P and O.  
 
As a result,
O
reported by Palkina and Jost, 1975. On the other hand, the P-O distance in the tetrahedra 
range from 1.52 to 1.62 Å. Accordingly, the unit cell contained the 38 sets of general 
position 2i for the movable oxygen sites with
(=
 
Bi5.8PO11.2 was reported to be monoclinic (Kurbanov et al., 1986), however its crystal 
structure is unknown. The authors claimed that the lattice and powder diffraction data of 
Bi5PO10 could be applied to this compound.  
 
Another phase found in Bi2O3-P2O5 system is Bi12P2O23 (6:1). The structure was refined 
in the monoclinic space group of 
w
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reported that the single crystal of Bi12P2O23 has a m
. The crystal structure of Bi12P2O23 very probably contai
 layers (Figure 2.2).  
onoclinic structure with space group 
P21 or P21m ned the well-known 
square Bi2O2
 
   
                                        
    O2-                  Bi3+ (above)            Bi3+ (below) 
een the triclinic cell and the subcell were a = 
 ≈ (3√2/2)a’ and c ≈ (3√6/2)a’. The authors commented that the formation of the 
the atomic ordering of Bi and P atoms. Bi7PO13 was 
 
at = 11.7 Å
ac = 5.5 Å 
  
  Figure 2.2: Structure and cell relations of tetragonal Bi2O2 layers, with O2- in  
the layer plane and Bi3+ above and below, respectively (Jie and 
Eysel, 1995) 
 
 
These layers should be connected by layers of isolated tetrahedral PO4 groups. The 
Bi2O2 layer may be derived from the cubic cells of CaF2 and δ-Bi2O3 with a ≈ 5.5 Å, 
which was also observed for the Bi23P4O44.5 (5.75:1) compound. 
 
Bi7PO13 adopted the same type of superstructure like Bi12P2O12 as discussed above (Jie 
and Eysel, 1995). The axial relations betw
b
triclinic phase might be due to 
identified as a superstructure of the δ-Bi2O3 fcc form (Wignacourt et al., 1993) with 
triclinic symmetry (Jie and Eysel, 1995).  
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2.3.4 Electrical Properties 
DC conductivity measurement was carried out to examine the electrical properties of 
23P4O44.5 (Watanabe, 1997). The conduction was fairly good and the activation energy 
-3 -1 -1 o
ation of 
gra un
 
In r t
electromot
using samp
(1) - 2-
(2) At moderate temperatures (i.e., 300oC), two different behavior patterns were 
the pressure of O2: at low O2 pressures, the usual 
ations f
ne
Bi
was relatively low: σ ≈ 10  ohm  cm , Ea ≈ 0.7 eV at 500 C, which was comparable to 
that of YSZ. Its O2- transport number ≈ 0.8 at about 650oC indicated that Bi23P4O44.5 was 
a good oxide ion conductor resulting from its pseudo subcell which could be closely 
connected to the δ-Bi2O3 cell. 
 
Wignacourt et al. (1993) reported that Bi7PO13 exhibited substantial ionic conductivity 
above 420oC. The conductivity ranged from 10-5 to 10-2 ohm-1 cm-1 between 350 and 
800oC, with an activation energy of approximately 0.8 eV. There was no indic
in bo dary conductivity in the impedance plot.  
orde o check the conduction mechanism of Bi7PO13 in the ε solid solution, 
ive force (emf) measurements of an oxygen concentration cell was made 
les as solid electrolyte (Wignacourt et al., 1993). It was found that:  
At high temperatures only the reaction mechanism: O2 (gas) + 4e  → 2O  
(electrode) was encountered;  
noted, depending on 
reaction (1) was maintained; at higher O2 pressures, peroxide formation 
occurred according to: O2 + 2e- → O22-. This reaction became preponderant 
at temperatures below 200oC. 
 
2.3.5 Introduction of Dopant 
Ketatni et al. (1998) attempted to stabilize pure polycrystalline compound of 
Bi6.67(PO4)4O4 by substitution of several c or a substantial part of Bi. 
Accordingly, the formula of the studied compound could be written as Bi2/3Bi6(PO4)4O4  
by distinguishing the partially occupied Bi(4) atom. This consideration led to the 
possibility of substituting o  M  cation for 2/3 Bi , yielding respectively Bi2+ 3+ 6MP4O20 
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(M = Sr , Cd , Ca , Pb ) and Bi2+ 2+ 2+ 2+ 6.5A0.5P4O20 (A = Li , Na , K ). They all led to pure 
polycrystalline materials isostructural with Bi
+ + +
6.67(PO4)4O4, supporting the stabilization 
oncept and the nonactive 6s2 lone pair for the Bi(4) ion. Giraud et al. (2000) reported 
5+ was successfully introduced into P5+ site in Bi23P4O44.5 (Watanabe and Kitami, 
 reported that Bi23P4O44.5 and Bi23V4O44.5 
xhibited a difference in structure based on both Raman and XRD data. The authors 
 
d), probably by crystallochemical substitution Bi5.8(1-x)Nd5.80xPO11.20 (x ≤ 0.01). One 
structure with different activation centers. 
c
that PbBi6O4(PO4)4 was obtained at room temperature and was isomorphous with the 
high temperature phase Bi6.67O4(PO4)4. This compound adopted a triclinic cell, space 
group P1, Z = 1. The conductivity measurement showed that σ increased progressively 
and reached 5 x 10-7 ohm-1 cm-1 at 800oC, with activation energy of 1.51 eV. 
 
V
1998). The authors indicated that V could promote ionic conductivity further than P. 
The formation of complete solid solution could be due to the similar characteristics of 
these two compounds, which were isomorphous (Watanabe, 1997; Watanabe and 
Kitami, 1998).  
 
On the other hand, Tompsett et al. (1998)
e
commented that the XRD patterns of Bi23V4O44.5 showed a typical triclinic pattern up to 
950oC, whereas that for Bi23P4O44.5 showed a similar pattern assumed to be triclinic, 
with several extra peaks which were attributed to either a secondary phase present or the 
difference in the symmetry of the material.  
 
Schultze and Uecker (1985) reported that Bi5.8PO11.20 could be doped with neodymium
(N
year later, Kurbanov et al. (1986) reported that DTA and simultaneous high temperature 
microscopic studies showed a limited solubility of neodymium in Bi5.8PO11.20 with a 
maximum substitution x < 0.20 for Bi5.8(1-x)Nd5.80xPO11.20. The luminescence spectra of 
Nd-doped Bi5.8PO11.20 indicated a disordered 
 
Jie and Eysel (1995) noted that As and V could substitute for P in Bi12P2O23. A 
complete solid solution was formed in Bi12P2O23-Bi12V2O23 and Bi12P2O23-Bi12As2O23 
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systems. The planar nature of the surfaces was experimentally confirmed within very 
narrow error limits of the lattice parameters. 
yVy)O13 system was studied by Wignacourt et al. 
. s reported that the Bi7PO13 phase was obtained for 0 ≤ y ≤ 0.5, a solid 
5 Binary System 
.4.1 Synthesis 
sO4)4 (Giraud et 
l., 2000). It was obtained by mixing equimolar aqueous solutions of Bi(NO3)3.5H2O 
H
.4.2 Crystal Structures 
ell, containing four molecules, had the following dimensions:                         
 
Substitution of V for P in the Bi7(P1-
(1993)  The author
solution of Bi7VO13 phase for 0.55 ≤ y ≤ 1, and a mixture of these two phases was 
encountered in the range 0.5 < y < 0.55. Again, the conductivity was improved with 
increasing V content in the samples.  
 
2.4 Bi2O3-As2O
2
Prismatic crystal of α-BiAsO4 (Roosevelitite) was grown from aqueous solutions of 
Bi(NO3)3.5H2O and H3AsO4 (Bedlivy and Mereiter, 1982). In order to avoid any loss of 
As, BiAsO4 was used as raw material in the preparation of Bi6.67O4(A
a
and N 4H2AsO4. 
 
Bi4As2O11, Bi8As2O17, Bi12As2O23*, and Bi7AsO13 were prepared by solid state 
reactions between 600oC and 1000oC, lasting for several days to one month and with 
intermediate grindings (Jie and Eysel, 1995; *ICDD card no: 44-175).  
 
2
The study of the crystal structure of bismuth arsenate (BiAsO4) by X-ray diffraction 
showed that the compound had two commonly occurring structural modifications that 
coexisted under ordinary conditions of crystallization. One phase was monoclinic and 
another was tetragonal, with a density of about 3.5% greater than that of the monoclinic 
type as observed by Mooney (1948). 
 
The complete crystal structure of the tetragonal form of BiAsO4 has been determined 
using X-rays (Mooney, 1948). The crystal had the scheelite structure. The body-
centered c
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a = 5.08 ± 0.02 Å and c = 11.70 ± 0.02 Å with space group of C64h-I41/a. The As and Bi 
   
edlivy and Mereiter (1982) reported that α-BiAsO4 was monoclinic with space group 
of P21/n having cell param β = 104.84o and 
density = 7.21 g/cm3 onazite (CePO4) type 
structure. Bi exhibited an irregular one-s ght O atoms: Bi-O = 
2.332–2.646 Å. The As  1.667–1.702 Å] was, with O-As-O 
angles of 97.3–117.8o
 
982) 
          
atoms were in fourfold special positions (a) and (b) of the space group, while the 
oxygen atoms were in the sixteenfold general positions (f). The oxygen parameters, 
given in fractions of the unit cell, were x = 0.213, y = 0.149, z = 0.080. Bi was in eight 
coordination, the average Bi-O distance being 2.54 Å .The calculated density was   
7.6 g/cm3.  
 
B
eters a = 6.879 Å, b = 7.159 Å, c = 6.732 Å, 
. This compound crystallized in the m
ided coordination by ei
O4 tetrahedron [As-O =
, considerably distorted (Figure 2.3). 
         
        Figure 2.3: A view of the structure of α-BiAsO4 (Bedlivy and Mereiter, 1
       z 
            
y 
                      x 
 
 
 
The structure type of Bi4As2O11 was unknown. However, this compound was 
determined to be monoclinic with space group of P giving cell parameter a = 5.556 Å,  
b = 5.647 Å, c = 14.960 Å. Bi8As2O17 was orthorhombic with space group of P,  
 43
a = 5.718 Å, b = 9.985 Å, c = 3.304 Å. Both of the compounds were reported to have 
different structure types from that of CaF2 and δ-Bi2O3 (Jie and Eysel, 1995). 
 
The structure of Bi12As2O23 was refined in the monoclinic symmetry giving cell 
parameters of a = 9.8514 Å, b = 11.55 Å, c = 6.6762 Å, and β = 93.422o (ICDD card no: 
44-175) and a = 12.208 Å, b = 11.551 Å, c = 16.104 Å, and β = 91.45o (Jie and Eysel, 
1995). Besides, some new compounds in Bi2O3-As2O5 system were reported (Jie and 
Eysel, 1995). The symmetry of Bi7AsO13 was monoclinic with cell parameters of   a = 
4.065 Å, b = 3.879 Å, c = 5.357 Å, β = 90.55o. Bi11AsO19 was identified to be having 
tragonal symmetry with cell parameters of a = 11.757 Å and c = 16.627 Å. The space 
7AsO13 and Bi11AsO19) was I and they were 
an that corresponding to the melting point around 960oC (Giraud et al., 2000). At 
consisted of α-BiAsO4 (rooseveltile), which is 
 with high-temperature X-ray diffraction 
tures (Giraud et al., 2000). All of these transformations were reversible. 
he HTXRD indicated that a mixture of monoclinic BiVO4 and α-Bi4V2O11 existed 
te
group of these compounds (Bi12As2O23, Bi
structurally related to CaF2 and δ-Bi2O3. Their crystal structures very probably 
contained the well-known square Bi2O2 layers (Figure 2.5). Layers of isolated 
tetrahedral AsO4 groups were expected to connect these layers as discussed previously 
for the P analogue.  
 
2.4.3 Polymorphism and Conductivity 
The DTA pattern of the composition Bi6.67O4(AsO4)4 did not display any peak other 
th
ambient temperature the mixture 
monoclinic, and Bi4As2O11. Further analysis
(HTXRD) showed that the first transformation occurred at 871oC, which was due to α-
BiAsO4. At 883oC, 926oC, and 950oC, successive transformations of Bi4As2O11 
occurred. However, no arsenate corresponding to the phase Bi6.67O4(PO4)4 was observed. 
 
2.5 Bi2O3-V2O5 Binary System 
2.5.1 Polymorphism and Phase Diagram 
In an attempt to prepare Bi6.67O4(VO4)4, DTA of the resulting materials displayed three 
endothermic peaks at 455oC, 575oC, and 875oC, which could be attributed to the 
melting tempera
T
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from ambient to 268oC. At 268oC the phase transition of monoclinic BiVO4 to the 
tetragonal form occurred. This transition could be second order since there was no 
thermal effect. No evidence of the Bi6.67O4(PO4)4-type phase was found, in agreement 
with the known phase diagram for the Bi2O3-V2O5 binary system (Blinovskov and 
Fotiev, 1987).  
 
The heating curves of Bi4V2O11 showed two endothermic effects at 440–450oC and 
50–570oC, corresponding to the phase transformations α → β → γ (Blinovskov and 
987; Abraham et al., 1988). The reverse transformation to the low-temperature 
t 390oC 
o
4V2O11 melted 
incongruently at 880 C. However, Abraham et al. (1988) stated that this compound 
t 877oC.  The sequence of the phase transition was proposed to be: 
          
                     Figure 2.4: Phase transition of Bi4V2O11 (Abraham et al., 1988) 
790oC, and melted at 890oC.  
5
Fotiev, 1
phase was revealed on the cooling curves by two inflections on the DTA curve a
and 365 C, respectively. Blinovskov and Fotiev (1987) reported that Bi
o
melted congruently a
 
  
                        α                      β                   γ                    γ’                   liquid      
                        α         α’         β                   γ                    γ’ 
                                
447oC 567oC 877
oC 887oC 
407oC 447oC 
  
 
However the occurrence of the a high temperature γ’ polymorph could be associated 
with partial melting (Lee et al, 1993). More recently, a different low-temperature γ’ 
polymorph has been proposed to exist in some heavily-doped materials (Pernot et al., 
1994; Joubert et al., 1994) 
 
In 2001, Watanabe reported that the well-known phase Bi4V2O11 did not exist as a pure 
phase (Watanabe, 2001). The reported “α-Bi4V2O11-type” solid solution was a 
metastable phase which decomposed to a mixture of Bi3.5V1.2O8.25 and BiVO4 below 
550oC. On the other hand, Bi3.5V1.2O8.25 decomposed into two unidentified phases at 
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 Bi8V2O17 is a bright-yellow compound. It melts incongruently at 920oC. Bi12V2O23 is a 
ellow compound which melts congruently at 940oC (Blinovskov and Fotiev, 1987; 
 950oC without polymorphic transformation (Watanabe, 1997).  
a in the Bi2O3-V2O5 system was reinvestigated over the composition 
 from 600oC to 900oC (Bush and Venevtsev, 1986; Lee et al., 1993; 
atanabe, 1997; Abrahams et al., 1998; Watanabe and Kitami, 1998, Watanabe, 2001, 
ared by ball milling a stoichiometric mixture of Bi2O3 and V2O5 
r 54 hours in order to study the influence of mechanical activation on the compound 
y
Kargin and Voevodskii, 1997). Meanwhile, Bi17V3O33 showed a structural 
transformation at 802oC, and the transformed phase, which kept the main framework 
structure, was stable until melting at 910oC (Pang et al., 1998). Bi23V4O44.5 melted 
congruently at
 
The phase equilibri
ranged 0–15 mol% V2O5 (Kargin and Voevodskii, 1997). The portions that 
corresponded to the stable and metastable equilibria involving δ- and γ-Bi2O3 were 
constructed.  
                    
2.5.2 Synthesis  
Different researchers employed various techniques in synthesizing the compounds in 
the Bi2O3-V2O5 binary system. These included solid state reactions with reaction 
temperatures ranging
W
Mairesse et al., 2003; Mairesse et al., 2003b), hydrothermal reactions (Pang et al., 
1998), self-flux method (Bush et al., 1996), zone melting (Bush et al., 1996) and ball 
milling (Shantha and Varma, 1999; Shantha et al., 1999) depending on the physical 
properties required.  
 
Bi2VO5.5 has been prep
fo
(Shantha and Varma, 1999). High density, fine-grained ceramics with uniform grain-
size distribution which improved dielectric, pyro and ferroelectric properties was 
obtained. The authors suggested that a significant portion of V5+ has been transformed 
to V4+ during milling. 
 
 46
Hydrothermal synthesis has been an open route to microporous crystalline and 
metastable phases, and recently this method has been extended to the preparation of 
ovel and nanocrystalline complex oxides and complex fluorite. Pang et al. (1998) 
hase, and wed a temperature dependence and could not be prepared by a 
 
 m thod, a o h a st f 
 
able 2.6: Synthesis  of c mpoun 2O3-V2 5  
stat  reacti
                      re/ oC               o. 
          8 
:1                                            
    800 -820                         ∼ 48 h                Lee et al., 1993 
Abra k, 2002 
.667:1           820         24 h               Pang et al., 1998 
.75:1             850         50 h               Watanabe, 1998; 
Tompsett et al., 1998 
     830 + 840    80 h + 60 h    Watanabe and Kitami, 1998 
 
:1             800       5 days                       44-174 
xides in the composition range from Bi2O3 to BiVO4 have been studied 
sing electron diffraction and high-resolution electron microscopy (Zhou, 1988; Zhou, 
 Delmaire et al., 
n
prepared Bi17V3O33 by a hydrothermal method since this compound is a metastable 
 this phase shop
high-temperature solid-state reaction. To allow comparison with the results of the solid
state e  solid state reaction was perf rmed wit oichiometric composition o
Bi2O3 and V2O5 in air (Table 2.6).  
conditions o ds in Bi O  binary system via solidT
e on 
 
Bi:V ratio Temperatu    Duration       Reference/ICDD card n
 
1:1              620        195 h          Hardcastle et al., 199
 
2         800                       24 h             Prasad et al., 1994 
        850          N.R.      hams and Kro
 
4:1            800      20 days          44-171 
  
5
 
5
 
6
 
7:1             900       7 days                      44-322 
                                               820                                 15 h                    Wignacourt et al., 1993 
 
9:1             850         N.R.                     Kashida et al., 1994 
 
Note:  N.R. = not reported 
 
 
 
2.5.3    Crystal Structure  
The binary o
u
1990), Raman and 51V NMR spectroscopies (Hardcastle et al., 1991;
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2000), X-ray diffraction and neutron powder diffraction (Kashida et al., 1994; Kashida 
 Hori, 1996; na et al., 19
5 binary system 
ce group       La o. 
         Smolyaninov and Belyaev, 1963 
                      Bush and Venevtsev, 1986;                              
                             Bush et al., 1996 
 ., 1997 
 
 86o 
                                      44-171 
               
               
                            Bush et al., 1996 
                        
                           Pang et al., 1998 
 
.75:1              Pseudo Monoclinic, P1                            Khasida and Hori , 1996
 Å                              Watanabe, 1997 
                                                                                 b = 11.547 Å 
                         
and  Sooryanaraya 97, Mairesse et al., 2003; Mairesse et al., 
2003b). A number of compounds in Bi2O3-V2O5 binary system have been identified 
(Table 2.7).  
 
Table 2.7: Structural data of compounds in Bi2O3-V2O
Bi:V ratio          Crystal system, spa ttice parameters                  Reference/ICDD card n
 
1:1 Orthorhombic     N.R.        
2:1                          Orthorhombic   a = 16.84 Å 
                                                                                  b = 16.62 Å   
                                                                                  c = 15.30 Å 
 
                             Orthorhombic, Aba2 a = 5.602 Å                      Sooryanarayana et al
                                                                                    b = 15.269 Å
                                                                                   c = 5.525 Å 
 
2.92:1                           Triclinic     a = 16.542 Å                               Watanabe, 2001 
  b = 16.886 Å
                                                                                   c = 7.0914 Å
0o                                                                                   α = 91.33
                                                                                β = 95.1  
                                                                                                                                γ = 96.031o
 
:1                         Orthorhombic, P   a = 5.732 Å   4
                                                                    b = 9.982 Å 
                                                                    c = 3.307 Å 
                                
                                       Monoclinic  a = 19.80 Å 
                                                                               b = 11.44 Å   
                                                          c = 10.00 Å 
                                                                                  β = 90.5o 
 
     5.667:1 *                    Tetragonal                              a = 12.27 Å
                                                                                  c = 11.04 Å
 
a = 20.023 Å5
 b = 11.668 Å 
                                                                                   c = 20.472 Å 
o                                                                                    β = 107.13
 
                                   Triclinic     a = 11.545 
  
                                                          c = 20.665 Å 
o                                                                                   α = 76.27
o                                                                                    β = 87.51
                                                                                                                                γ = 119.82o
 
6:1                          Monoclinic, I  a = 12.193 Å                             44-174 
                                                                                    b = 11.579 Å
                                                                                   c = 16.163 Å 
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                                                                                   β = 91.13o
 
 
7:1                          Monoclinic, I   a = 3.987 Å                             44-322 
                                                                                   b = 3.925 Å 
                                    c = 5.436 Å 
                                                                                 β = 90.82o 
 by hydrothermal method 
reported 
et al.  (1991) commented that VO
symmetric as the Bi:V ratio of the phase increased. Thus, the order of increasing 
symmetry was BiVO  < Bi V O  < type-II phase < type-I phase < -V  in -Bi O  
 responsible for its high anionic conductivity. However, 
igh resolution electron microscopy appeared to show the compound did not contain 
2+
2.7
 
                                               
  
 
8:1                         Orthorhombic                           a = 5.414 Å                                  Bush et al., 1996 
                                                                                   b = 3.898Å 
                                                                                   c = 4.017 Å                                                                                     
9:1               R3m                                      a = 11.763 Å                              Kashida et al., 1994 
                                                                                   α = 59.78o 
 
Note: *  prepared
            N.R. = not 
 
 
Hardcastle 4 tetrahedra became increasingly 
4 4 2 11 γ O4 γ 2 3
(sillenite-type). 
 
In the last decade, Bi4V2O11 has been under intensive study. Most studies have 
suggested that Bi4V2O11 (α-form), an Aurivillius phase has an orthorhombic unit cell 
with a structure comprising [Bi2O2]2+ sheets interleaved with [VO3.5 0.5]2- perovskite 
slabs, where   represents an oxide ion vacancy (Varma et al. 1990; Huvé et al., 1996; 
Abrahams et al., 1998; Delmaire et al., 2000; Mairesse et al., 2003; Mairesse et al., 
2003b). These vacancies are
h
Bi2O2  layers (Zhou, 1988, 1990). Single crystal x-ray diffraction data seemed to 
support this claim, suggesting the material comprised irregular corner-sharing BiO4 
terahedra, of overall formula Bi2O 50.5- (Touboul et al., 1992). According to Joubert et 
al. (1994), the oxygen vacancies would be principally located around one tetrahedral 
site and one octahedral site.  
Although the formula of bismuth vanadate is given as Bi4V2O11, it has, in fact, a 
variable Bi:V ratio. The phase was reported to be the end member of a limited solid 
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solution, given by Bi4-yV2-yO11-y, existing over the range 0 ≤ y ≤ 0.196  
(66.67–69.93 mol% Bi
                
   
Pnma with           
 = 5.4704 Å, b = 17.2471 Å, c = 14.9219 Å. α-Bi4V2O10 derived from the Aurivillus 
                     
was 
ntirely determined in tetragonal symmetry, I4/mmm space group with cell parameters 
atanabe (2001) reported the existence of Bi3.5V1.2O8.25 which crystallized in the 
2O3) (Abraham et al., 1988). Lee et al. (1993) reported a slightly 
more extensive solid solution range, existing for 0 ≤ y ≤ 0.224. Besides, the structure of 
the low-temperature polymorph α-Bi4V2O10 was determined from Rietveld analysis of  
X-ray diffraction powder data and electron diffraction microscopy (Satto et al., 1999). 
This compound crystallized in the orthorhombic system, space group 
a
family, presents a typical layered structure of alternating (Bi2O2)2n and (VO3)2n layers. 
However, Mairesse et al. (2003b) claimed that the crystal structure of α-Bi4V2O11 was 
solved in the monoclinic symmetry, A2 space group and refined using combined X-ray 
single crystal and neutron powder diffraction data with cell parameters of  
a = 16.5949 (3) Å, b = 5.6106 (1) Å, c = 15.2707 (3) Å, γ = 90.260 (2)o.  
 
Meanwhile, the crystal structure of the high temperature γ-form of Bi4V2O11 
e
of a = 3.99176 (4) Å, c = 15.4309 (3) Å, and that of the β-form was refined in the 
orthorhombic symmetry, centrosymmetric Amam space group with cell parameters of a 
= 11.2333 (2) Å, b = 5.64925 (7) Å, c = 15.3471 (2) Å (Mairesse et al., 2003). An 
ordering process involving corner-sharing V-O tetrahedral and disordered trigonal 
bipyramids had resulted in the two-fold superlattice characterizing the β structure.   
 
W
triclinic symmetry. The structure was considered a superstructure based on a pseudo-fcc 
subcell with a’ ≈ 5.5 Å. Another fluorite-related superlattice structure compound 
Bi17V3O33 (Bi/V = 5.667) has been synthesized by a hydrothermal method (Pang et al., 
1998).  Its structure was consistent with a √5 x √5 x 2 superlattice based on a fluorite 
subcell, which was associated with the incorporation of V atoms.  
 
Depending on the cation arrangement, phases in Bi2O3-V2O5 system could be 
subdivided into two groups, namely, type I, where all V5+ cations were separated by at 
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least one Bi3+ cation, and type II, where ordering of V5+ cations into distinct structural 
groups occurred (Zhou, 1988 & 1990). Accordingly, V cations were coordinated by 
four oxygens. The VO4 units were usually arranged into V4O10 tetrahedral units and the 
formation of larger units was impossible, since V cations shared by two V4O10 
trahedral units would require six coordination of oxygen. The V4O10 tetrahedral 
e crystal of Bi9VO16 had a fluorite type superstructure with          
 x 3 x 3 subcells, designated as type I (Zhou, 1988; Zhou, 1990; Hardcastle et al., 1991; 
type I structure, the minority atoms (V) were located at 
vity of 10-4 ohm-1 cm-1 at 500oC (Watanabe, 2001). 
te
clusters lied on only one of the (111) planes of the δ-Bi2O3 fluorite lattice. For 
compositions from 6Bi2O3-V2O5 to 7Bi2O3-2V2O5, vanadium cations existed in the 
form of V4O10 tetrahedral clusters within the δ-Bi2O3 lattice. These clusters were 
ordered, but their arrangement was variable so that many triclinic superstructures 
existed. The 6:1 compounds have structure types designated as types IIa-IIc (Zhou, 
1990; Hardcastle et al., 1991). 
 
Bi7VO13 were reported as structurally related to CaF2 and δ-Bi2O3 (Jie and Eysel, 1995). 
The structure of the mixed oxides changed with the content of added Bi atoms. The 
studies showed that th
3
Kashida et al., 1994). In this 
every third layers along [111] axis and occupied the third neighbor sites of the fcc 
lattice. The O vacancies were concentrated at nearest neighbor sites of the V atoms 
(Kashida et al., 1994). However, it was impossible to retain the type I structure when 
the ratio of Bi:V was lower than 9:1 because V atoms replaced some of the Bi atoms 
between the V layers.  
 
2.5.4 Electrical Properties 
Bi4V2O11, an Aurivillus phase with a layered structure has been studied widely for its 
relatively high intrinsic oxide ion conductivity.  The tetragonal high temperature form 
(γ-Bi4V2O11) exhibited high anionic conductivity of more than 0.1 ohm-1 cm-1 at 500oC 
(Abraham et al., 1988; Lee et al., 1993). In another study, Bi3.5V1.2O8.25 yielded low 
conducti
 
 51
Takahashi et al. (1977) and Takahashi and Iwahara (1978) studied the electrical 
conductivity characteristics in the vanadia (5–20 mol%)-stabilized bismuth oxide solid 
solutions (Bi:V = 4:1 → 19:1), over a wide temperature range. They concluded that the 
fcc phase present in Bi2O3-V2O5 system was a good oxide ion conductor. The oxide ion 
conductivity of this phase, however, decreased with increasing content of the stabilizer 
(V2O5). 
 
The conductivity of Bi17V3O33 and the transformed phase were 2.14 x 10-4 and         
ol-1, respectively. The similar activation 
nergies reflected that the ionic conduction mechanisms for both Bi17V3O33 and the 
imilar. The grain boundary effect was eliminated as the 
        
 temperature γ-form of Bi4V2O11 demonstrated high oxide ion conductivity at 
mperature > 560oC, due to disordered oxygen vacancies in the VO3.5 0.5 sheets. It, 
however, cannot be preserved to room temperature(s) and transformation to α phase 
1.03 x 10-3 ohm-1 cm-1 at 500oC, respectively (Pang et al., 1998). The activation 
energies for ionic conduction for Bi17V3O33 and the heated sample (high-temperature 
phase after 802oC) were 72.9 and 73.5 kJ m
e
high-temperature phase were s
temperature increased such at 700oC. 
 
Watanabe (1997) revealed that Bi23V4O44.5 was an excellent oxide ion conductor:  
σ ≈ 10-2 ohm-1 cm-1, Ea ≈ 0.78 eV and transport number ≈ 0.9 at about 600oC. The 
conduction was comparable to that of YSZ.   
 
2.5.5 Introduction of Dopant 
The high
te
always occurred. In order to prevent this ordering process from occurring and to 
stabilize the γ-phase to room temperature, chemical doping of Bi4V2O11 has been 
carried out. These materials are known as BIMEVOX (BIsmuth MEtal Vanadium 
OXide) where ME designates the element substituting for vanadium (Abraham et al., 
1990).  
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Various elements ranging from alkaline metal, alkaline earth metal, p-block elements, 
The general defect equations were used to predict theoretical solid solutions limits for 
4 2 11-δ s and Krok, 2002). These 
 coordination number of the 
ductivity repo .35
σ value of 3 x 10-3 ohm-1 cm-1 at 300oC (which is two orders of magnitude higher than 
that of the conventional YSZ) (Pernot et al., 
 
 Bi4V2O
Elements     
    
g, Ca, Sr, Mn, Co, Ni, Cu, Zn  993; 
ee et al., 1994;  
Lee and West, 1996, Qiu et al., 1997;  
96; 
Vannier et al., 1999 
Sb, Nb  Varma and Prasad, 1996; Sorokina et al., 1999  
 
The study of substitution effect in other Bi2O3-V2O5 system has also been carried out 
because of the high ionic conductivity found in these compounds. A complete solid 
solution series was observed in Bi23V4-4xP4xO44.5 (0 ≤ x ≤ 1) (Watanabe and Kitami, 
1998). Jie and Eysel (1995) reported the unlimited ternary monoclinic solid solution of 
Bi12[PxAsyVz]2O23, supporting that P, V, and As could substitute for each other. 
transition metals to rare earth elements have been introduced as dopants (Table 2.9). 
all types of substitutions for vanadium in Bi V O  (Abraham
limits varied with the charge of the dopant ion and with the
metal dopant. The highest con rted so far is that of Bi2V0.9Cu0.1O5 , with 
1994). 
Table 2.9: List of elements doped in 11
References 
Na   Lee et al., 1997 
M Abraham et al., 1990; Aboukaïs et al., 1
Lee et al., 1993b; Kurek et al., 1994;  
Pernot et al., 1994; L
Dygas et al., 1995; Lazure et al., 1995;  
Nadir and Steinfink, 1999 
B, Al, Cr, Y, La, Er, Nd, Sm, Gd, Yb  Lee et al., 1996; Lee and West, 1996;  
Lee and Ong, 1999 
Ge, Sn, Pb, Ti, Zr  Lee et al., 1994b; Yan and Greenblatt, 1995 
W, Mo  Watanabe, 1984; Savchenko et al., 1989, 
  Vannier et al., 1993; Vannier et al., 19
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 CHAPTER 3 
EXPERIMENTAL 
 
 
3.1    Sample Preparation 
3.1.1 Solid State Reaction with Manual Mixing 
Bismuth phosphate, bismuth vanadate and bismuth arsenate were prepared using Bi2O3 
(99.9%, Aldrich), NH4H2PO4 (99%, Merck), As2O5 (99.9%, Alfa Aesar) and V2O5 
(99.8%, Ventron) via solid state reactions. In order to remove any moisture, Bi2O3 and 
V2O5 were dried overnight at 300oC prior to weighing, while As2O5 was dried overnight 
at 200oC.  
 
Stoichiometric mixtures were weighed (ca. 3-4 g total) using a HR-200 electronic  4-
digital balance. They were mixed and ground by using an agate mortar. Sufficient 
amount of acetone was added to homogenize the mixture.  The mixtures were then dried 
and fired in gold or platinum foil boats at temperatures of 750oC to 940oC and duration 
of 2-13 days, depending on compositions. Intermediate regrinding without acetone was 
carried out at ∼12 hours intervals in order to increase the contact area and to bring fresh 
surfaces into contact. The samples were finally cooled on block and ground for further 
analysis. Generally, the synthesis process could be illustrated as follows: 
 
 
         On the 1st day: 
         Mixture was weighed                    ground with acetone                150oC (1 h)                              
          700oC                   500oC                300oC                 200oC                 180oC              
       (overnight)               (1 h)                   (1 h)                    (1 h)                   (1 h) 
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         On the following days: 
     Cooled on block and ground                700oC (1 h)              850oC * (12 h)            
         ground for further analysis                 850oC * (overnight)               ground  
          *  calcination temperature was varied depending on material compositions 
 
                     Figure 3.1: Flow chart for the synthesis process of samples 
              
Mixed phase samples especially those with unreacted precursor materials were further 
heated for longer period and/or at higher temperatures in increment steps of 20-50oC for 
48 hours until near melting since the incomplete reactions might be due to 
thermodynamic and/or kinetic factors. 
 
3.1.2  Solid State Reaction with Ball Milling Mixing 
In order to optimize the bulk property in materials, dense materials free from grain 
boundary is desired to minimize the influence of resistive grain boundary region in 
materials and to improve their conduction performance. Ball milling process could help 
to produce nanocrystalline powders directly from the oxide mixtures by milling for a 
certain period of time (Kong et al., 2001; Shantha and Varma, 1999).  
 
Milling balls of zirconia media (MgO stabilized) with radius end cylinders 3/8” x 3/8” 
were used. These milling balls were soaked in acetone overnight and washed with 
distilled water before being used. All the reagents were dried at 300oC overnight (except 
NH4H2PO4). A stoichiometric mixture of approximately 50 g was weighed using HR-
200 electronic balance to an accuracy of 0.0001 g. Powders were transferred to a 500 
cm3 milling bottle together with ∼50 milling balls. Milling fluid (acetone) was added so 
that powders and milling balls were just covered with the fluid.  The milling was carried 
out on a Pascall ball mill machine. For mixing, the attrition mill was set at 300 rpm and 
the milling operation was carried out in air at room temperature for 16 hours. After 
mixing, the slurry was dried in an oven at 70oC before it was separated from the media 
by sieving through a 250 µm sieve.  
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 Following drying, the mixed powders were calcined in a gold foil boat with firing steps 
as described in Figure 3.1. The mixtures were preliminarily heated at 150oC before 
gradually increasing the temperature to 700oC. 
 
After calcination, the powders were again wet-milled in acetone with zirconia balls at 
300 rpm, overnight. The slurry was then dried in an oven and separated from the milling 
media by sieving. After that, the mixture powders were calcined at a higher temperature 
for ∼24 hours. The milling and calcination process was continued until a single phase 
material was obtained. Unlike manual mixing, a lower calcination temperature was 
usually applied in the preparation of sample. Ball milling process was only carried out 
in the preparation of Bi23V4O44.5, the best ionic conductor in this study. 
 
3.1.3 Bi2O3-P2O5 Binary System 
Bismuth phosphates with Bi2O3:P2O5 ratios of 1:1 to 9:1 have been prepared via solid 
state reaction. For bismuth phosphate and related materials, the mixtures were 
preliminary heated at 150oC to expel H2O and NH3 before increasing the temperature to 
700oC since NH4H2PO4 with low melting point (190oC) was used as a starting material 
for phosphate. All the mixtures were mixed and ground in an agate mortar prior to 
heating in the furnace. Table 3.21 shows the synthesis temperature of materials in 
xBi2O3-P2O5 binary system. 
 
Table 3.1: Synthesis temperature of materials in xBi2O3-P2O5 binary system 
                                        Final synthesis                           
x                                              temperature, oC                                   Duration (h) 
1 ≤ x ≤ 4                                         920                                                48 
5, 5.25 920                  48 
5.5 ≤ x ≤ 6 850                  48 
6.25, 6.5 900                                                 312 
7, 7.25                                            850                       48 
7. 5 ≤ x ≤ 9                                 850                 72-120 
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 Chemical doping in an attempt to optimize oxide ion conductivity was carried out in 
materials of compositions xBi2O3-P2O5, x = 5.75, 6, and 7. The dopants were selected 
according to their ionic size and crystal chemistry. They included PbO (99.9%, Alfa 
Aesar), Sr(NO3)2 (99.97%, Alfa Aesar), Al2O3 (99.5+%, Fluka), Cr2O3 (99%, Alfa 
Aesar), Ga2O3 (99.999%, Alfa Aesar), La2O3 (99.99%, Aldrich), Nd2O3 (99.99%, 
Aldrich), Fe2O3 (99.99%, Johnson Matthey Electronics), GeO2 (99.9999%, Johnson 
Matthey Electronics), SiO2 (99.995%, Alfa Aesar), TiO2 (99.99%, Aldrich), V2O5 
(99.8%, Ventron), As2O5 (99.9%, Alfa Aesar), WO3 (99.995%, Aldrich) and MoO3 
(99.5+%, Aldrich). The oxides were preliminary dried at 300oC, overnight and stored in 
a vacuum desiccator prior to experimentation. 
 
3.1.4 Bi2O3-As2O5 Binary System 
Bismuth arsenates with xBi2O3-As2O5; 1 ≤ x ≤ 7 have been prepared via solid state 
reaction. For xBi2O3-As2O5; 1 ≤ x ≤ 7, the materials were synthesized at 900oC for 48–
206 hours while Bi14AsOδ was synthesized at 800oC for 48 hours. 
 
Chemical doping was carried out in xBi2O3-As2O5, x = 5.75, 6, and 7 by introducing 
several cations, e.g. A2+ (A = Pb, Sr), B3+ (B = La), C4+ (C = Si, Ti), and D6+ (D = Mo, 
W) into As5+ sites. 
. 
3.1.5 Bi2O3-V2O5 Binary System 
Bismuth vanadates with xBi2O3-V2O5; x = 5.5, 5.75, 6, and 7 have been prepared via 
solid state reaction. For xBi2O3-V2O5; 5.5 ≤ x ≤ 7, the materials were synthesized at 
850oC for 48 hours. Meanwhile, Bi14VOδ was synthesized at 850oC for 48 hours and 
also at 880oC for 24 hours. 
 
In the preparation of Bi23V4O44.5, ball milling process was also employed in order to 
produce a compound with smaller particle size. 
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In order to optimize oxide ion conductivity, chemical doping was carried out in xBi2O3-
V2O5, x = 5.75, 6, and 7 by introducing several cations, e.g. A2+ (A = Pb, Sr), B3+ (B = 
La), C4+ (C = Si, Ti), and D6+ (D = Mo, W) into V5+ sites. 
 
3.2 Pellet Preparation 
Sufficient amount of powder was placed in a steel die measuring 8 mm or 13 mm in 
diameter. A pressure of 1–2.5 tons was applied and held for ∼30 seconds. The pellet 
was then sintered at its synthesis temperature, which ranged from 850oC to 940oC 
overnight in order to increase the mechanical strength of the pellets and to reduce the 
intergranular resistance.  
 
In order to study the effect of sintering temperature on conductivity performance, the 
pellet of Bi23V4O44.5 prepared via solid state reaction with ball milling mixing were 
sintered at several different temperatures prior to conductivity measurements. Pellets 
with thickness of 1-2 mm were used for conductivity measurement and scanning 
electron microscope analysis. 
 
3.3 Characterization  
Phase identity and purity of the samples were determined by X-ray diffraction (XRD). 
Further analysis was carried out on single phase materials.  The electrical properties 
were determined by ac impedance spectroscopy in the frequency range of 10 Hz to 13 
MHz. Thermal properties were studied using differential thermal analysis (DTA), 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The 
morphology and surface structure of single phase materials were analyzed using 
scanning electron microscopy (SEM). Structural analysis was performed using fourier-
transform infrared spectroscopy (FT-IR) and Raman spectroscopy.  Other analysis e.g. 
density measurement and inductively coupled plasma-atomic emission spectrometry 
(ICP-AES) was carried out on selected materials. 
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                                                             Sample 
 
                                                      
                                                    Heating treatment 
 
 
                                                               XRD 
 
 
                                    
       Mixed phase                              Single phase 
                                                   
                 
                                          
                                                 ac impedance                 SEM                      Other analysis 
                                                                                                                      (i.e. ICP-AES,  
                Density measurement) 
                                                               DTA, DSC, TGA        FT-IR, Raman 
     Figure 3.2: Flow chart of sample preparation and characterization 
 
3.3.1 X-ray Diffraction (XRD) 
Phase identification and qualitative/quantitative structural analysis were carried out by 
X-ray diffraction (XRD) using a Shimadzu diffractometer XRD-6000 which was 
equipped with a diffracted-beam graphite monochromator. Scans were conducted with 
CuKα1 radiation (λ = 1.5406 Å) and a scanning range of 10 to 60o 2θ with a scanning 
rate of 2o/min and a step size of 0.02o.  
                                           
Powder samples were put into a shallow aluminium sample holder. A smaller quartz 
sample holder was used for small sample size. The powder was pressed flat into the 
holder by a glass slide. The holder was then manually inserted into the goniometer. 
 
Identification of phase/phases in a sample was carried out by comparing its XRD 
pattern with known patterns reported in ICDD (International Center for Diffraction 
Data). It is known as a fingerprint analysis. Thus, XRD patterns of samples prepared 
were compared, when possible, to d-spacings obtained from patterns in “XRD Powder 
Diffraction Data Files” published by “JCPDS International Center for Diffraction Data”, 
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2000 and also verified by using µPDSM (Micro Powder Diffraction Search/Match) 
software analysis. In the present study, the structures of some of the synthesized 
materials have not been reported in ICDD. The pattern of material expected to have 
similar crystal structure was then used for comparison. 
 
For the purpose of cell parameters determination, selected single phase materials were 
further analyzed using a Shimadzu diffractometer XRD-6000 with a lower scanning rate 
of 0.1o/min with step size of 0.01o. The XRD data were used for refinement using 
“CHEKCELL” program with an angular tolerance of 0.1o 2θ. Angle correction was 
carried out based on Si standard which was scanned at 28.3 to 28.7o 2θ with a scanning 
rate of 0.1o/min and a step size of 0.01o.  
 
3.3.2   Electrical Properties 
Pellets of 1–2 mm thick were prepared by using a 8 mm or 13 mm diameter die and 
applying pressure of 1 to 2.5 tones. The pellets were sintered at their synthesis 
temperature. Gold electrodes were attached on both sides of the pellets using Engelhard 
gold paste. In order to decompose the organometallic paste, the pellets were heated at 
200oC and the temperature was gradually increased by 100oC hourly to 600oC and left 
at 600oC for 2 hours. Finally, the pellets with gold electrode attached were placed on a 
conductivity jig and inserted in a horizontal tube furnace.  
 
The electrical properties were determined by ac impedance spectroscopy using a 
Hewlett-Packard Impedance Analyzer HP 4192A in the frequency range of 10 Hz to 13 
MHz with an applied voltage of 100 mV. Generally, measurements were made between 
200oC and 850oC by incremental steps of 50oC with 30 minutes stabilization time.  
Nevertheless, incremental steps of 10oC with 20 minutes stabilization time were 
purposely applied on selected samples to observe the change in conductivity upon phase 
transition. Measurements were also carried out on cooling cycle and second heating 
cycle (if necessary). 
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Most measurements were made in air, and where necessary in oxygen free nitrogen 
(OFN) with flow rate ranging from 20 ml/min to 600 ml/min. Besides, different 
voltages ranging from 0.01 V to 1 V were applied in conductivity measurements of 
selected materials in order to separate the electrolyte and the electrode contribution 
(Fonseca et al., 2001). 
 
Low temperature ac impedance analysis has been carried out on selected samples that 
showed occurrence of phase transition at temperature ~200oC using Solartron 1260A 
instrumentation with an applied voltage of 100 mV. Measurements were made over the 
frequency range 10-2–107 Hz between 100oC and 250oC by incremental steps of 10oC 
with 30 minutes stabilization time. All data were corrected for sample pellet geometry 
and the results are presented as resistivity/conductivity plots. 
 
Low field capacitance as a function of temperature was measured at 10 kHz fixed 
frequency using a LCR meter (Model 4284A, Hewlett Packard), linked to a computer 
via a GP-IB interface. Measurements were carried out from room temperature to 300oC. 
Samples were heated and cooled at a rate of 2oC/min in a computer controlled non-
inductance wound Lenton tube furnace with temperature and capacitance measured 
every 60 seconds. The capacitance values were then converted to relative permittivity 
(ε’) using the formula: 
                                                                   Cd 
                                                       ε’ =                       (3.1) 
                                                                  εoA εo  
 
where     C  = Capacitance (F) 
   d  = Thickness (m) 
   A = Area (m2) 
   εo = Permittivity of free space: 8.85434 x 10-12 (F/m) 
 
Both low temperature ac impedance analysis and LCR analysis were carried out at the 
Department of Engineering Materials, the University of Sheffield, UK.  
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3.3.3 Thermal analysis 
In order to establish the occurrence of phase transformations in samples, differential 
thermal analysis (DTA) was carried out with a Perkin-Elmer instrument (model DTA 7). 
The equipment was computer controlled using Unix based PYRIS 7 software package 
for data processing. Besides, selected samples were analyzed using differential scanning 
calorimeter (DSC) using PL-DSC at low temperatures.  
 
In DTA, sufficient amount of sample (∼30 mg) was put into the platinum sample cup 
until three quarters of the cup was filled and a similar amount of alumina was used as 
reference material. Both the DTA and DSC experiments were conducted in nitrogen 
atmosphere at a flow rate of 20 ml/min.   
 
For DTA, a heating/cooling rate of 10oC/min or 20oC/min (where necessary) was used. 
In this study, DTA was carried out from room temperature to a temperature ranging 
from 780 to 950oC, depending on the melting point of the materials. Meanwhile, for 
DSC the same heating/cooling rate was used as for DTA with Tmax = 400oC. Only 2.5-
5.0 mg sample was needed for the measurements. Sample powder was placed in an Al 
pan, covered and pressed with a second pan. The reference material was an empty and 
lidded Al pan. It is important to follow the thermal changes on cooling as well as 
heating cycle in DTA and DSC. This helped in distinguishing the reversible changes, 
such as melting or solidification from irreversible changes like decomposition reaction. 
 
Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer instrument 
(model TGA 7). The analysis was run on selected materials from room temperature to 
800oC with heating rate of 10oC/min.  
 
3.3.4 Scanning Electron Microscopy (SEM) 
The Scanning Electron Microscopy (SEM) analysis was carried out using a SEM model 
JEOL JSM-6400 operated at 15 kV, with working distance of 15 mm. Samples were 
gold-coated in order to avoid surface charges developing during a SEM experiment. For 
this purpose, fractions of sintered pellets of samples were mounted onto aluminium 
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studs and coated with very thin layers of gold (200 nm) by a gold sputter coater 
Pollaron E5100. 
 
3.3.5 Fourier-transform Infrared (FT-IR) Spectroscopy  
Structural analysis was performed using a Fourier Transform Infrared (FT-IR) 
Spectrophotometer, Perkin-Elmer Model 1725x with the wavenumber ranged in the 
region of 4000 and 400 cm-1. In IR analysis, a small amount of sample (2–3% ww) was 
mixed and ground finely with 15–20 mg of KBr. A suitable quantity of the mixture was 
then placed in a 13 mm diameter die and a pressure of about ten tons was applied. After 
about a minute, the die was taken apart and a semi-transparent disc was produced. 
 
3.3.6 Raman Spectroscopy  
Raman spectroscopy was carried out on selected single phase materials as a 
complement to IR analysis. A Raman Spectrophotometer (Ocean Optics Model Raman 
System R2001) was used with the raman shift ranging in the region between 4000 and 
200 cm-1 at Physics Department, Universiti Putra Malaysia. It is a green laser system 
(532 nm solid state diode) and 2048 element linear silicon CCD array is used as the 
detector. 
 
Samples were measured ‘neat’ by securely mounting the probe on a rigid stand and 
adjusting the position such that focal spot is on the surface of the sample. Samples (in 
powder form) were measured in a glass container.   
 
3.3.7 Density Measurement 
Density measurement was carried out on selected single phase materials using a 
pycnometer, Micromerities model Accupyc 1330. For optimum operation condition, the 
nitrogen gas pressure was maintained at about 150 kpa.  
 
In density measurement, the samples were dried thoroughly in a furnace to remove 
moisture. Sufficient amount of sample (∼1–2 g) was weighed and put into the 1 cm3 
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aluminium sample cup until three quarters of the cup was filled. For each sample, 
parameters were set so that 20 purges and 20 runs were performed.  
 
The true density of the sample was measured. However, results could vary according to 
the operating temperature measured by the instrument due to the expansion coefficient 
of the tungsten carbide (the calibration ball) used. Hence, it is important to ensure that 
the operating temperature is maintained accurately.  
 
3.3.8 Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) 
ICP-AES (Perkin Elmer P1000) was used for elemental analysis on selected single 
phase samples. Approximately 0.1 g of sample was dissolved completely in 100 ml 0.5 
M HCI and then introduced into the system by a peristaltic pump using a flow-rated 
tubing and atomized/ionized into free atoms and/or ions. ICP was used as the excitation 
sources for AES with argon gas being used to generate the plasma and carry the sample 
aerosol into the center of the plasma. For calibration purpose, Bi2O3 (99.9%, Aldrich), 
NH4H2PO4 (99%, Merck), As2O5 (99.9%, Alfa Aesar) and V2O5 (99.8%, Ventron) were 
used as source materials for Bi3+, P5+, As5+ and V5+, respectively, while 0.5 M HCl was 
used as the blank. 
 
Table 3.2: Wavelength of elements used and concentration of standard solutions 
prepared in ICP-AES analysis 
Elements Wavelength (nm)
Concentration of standard 
solutions used/ ppm 
Detection limit / 
ppm 
Bi3+ 223.061 500, 800, 1000 0.183 
P5+ 213.618 10, 25, 50, 100 1.953 
As5+ 189.042 10, 25, 50, 100 0.029 
V5+         292.402           10, 25, 50, 100            0.070 
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3.3.9 Particle Size Analysis 
Particle size analysis was carried out using a Qspec Dry Powder Feeder (model: 
MAM2461). This analysis was carried out on Bi23V4O44.5 in order to study the effect of 
ball milling mixing on these materials instead of manual mixing. Approximately 1 g of 
sample was dispersed under air pressure of 4 bars with feed rate of 20%.  
 
The results obtained were volume based and were expressed in terms of equivalent 
spheres. Basically, following information are given after the analysis: 
(1) D(v, 0.5). 
D(v, 0.5) is the size of particle at which 50% of the sample is smaller and 
50% is larger than this size. This value is also known as the mass median          
diameter (MMD). 
(2) Span.  
Span is the measurement of the width of the distribution. The smaller the 
value implies the narrower the distribution. The width is calculated as: 
          [d(0.9)-d(0.1)]/d(0.5). 
(3) Uniformity.  
The uniformity is a measurement of the absolute deviation from the median. 
(4) Specific surface area (SSA).  
SSA is defined as the total area of the particles divided by the total weight.  
 
3.3.10 X-ray Photoelectron Spectroscopy (XPS) 
XPS analysis was carried out using a Kratos (model: XSAM HS) at the XPS Lab, 
Building of Nuclear Science, Universiti Kebangsaan Malaysia. The raw data in form of 
spectra were analyzed to determine if Bi exists in both Bi3+ and Bi5+ forms.  
 
3.4 Phase Diagram 
For the construction of the phase diagram of Bi2O3-M2O5, M = P, As, V systems, the 
melting points and the phase stability of materials of different compositions at various 
temperatures were determined.  
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3.4.1. Melting Point 
Melting point temperatures of samples were determined from the appearance of pelleted 
samples after heating in 2oC steps in a furnace; data reported are essentially complete 
melting and solidus temperatures were probability 5-10oC lower.  
 
3.4.2. Phase Stability 
Materials were quenched in order to determine the phase stability of these materials at 
certain temperatures. For this purpose, sufficient amount of sample was placed in the 
furnace for 3–4 hours at its synthesis temperature before the temperature was decreased. 
The sample was then equilibrated at the required temperatures for 2-4 hours before 
cooling them immediately in Al cups.  
 
Quenching in Hg was applied on selected materials when a faster cooling rate was 
desired. Sufficient samples were put in small envelopes made from Pt foils and then 
placed in the furnace for 3-4 hours at its synthesis temperature before the temperature 
was decreased. The sample was then equilibrated at the required temperatures for 2-4 
hours before dropping them into Hg. All the quenched samples were then reground for 
XRD analysis.  
 
3.5 Estimation of Error 
Table 3.3: Estimation of error for experimental parameters 
Instrument/ device Parameters Measurement range Estimated error 
Furnace (synthesis) T 200-950oC ± 10oC 
Furnace (conductivity 
measurement) T 200-900oC ± 2oC 
XRD 2θ 10-60o ± 0.001o
AC impedance 
analyzer | z | 1-106 ohm 0.15 % 
Electronic vernier 
caliper and graph paper 
Geometric 
factor 0.1-0.5 cm-1 < 2 % 
DTA 
 
T 
∆T 
35-950oC 
0.1 – 8.0oC 
± 2oC 
± 0.01oC 
 66
TGA 
 
T 
∆mass 
35-800oC 
5 -10 mg 
± 2oC 
± 0.001 mg 
FT-IR spectrometer 
υ 4000-400 cm-1 ± 4 cm-1
Raman spectrometer υ 4000-200 cm-1 ± 4 cm-1
Density measurement V 0.10–0.24 cm3 ± 0.05 % 
ICP-AES Concentration 20–900 ppm ± 5% 
~
~
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
 
4.1 Bi2O3-P2O5 Binary System 
4.1.1 Phase Purity 
In the Bi2O3-P2O5 binary system, compounds with Bi2O3:P2O5 ratios of 5:1 to 9:1 have 
been prepared (Figure 4.1) via solid state reaction. Among these materials, Bi5PO10, 
Bi23P4O44.5, Bi12P2O23 and Bi7PO13 have been reported as single phase materials.  
 
The XRD pattern obtained for 5Bi2O3-P2O5 disagreed with that reported (Brixner and 
Foris, 1973), as well as that of the ICDD card number 26-220. This is not surprising 
since the exact ratio of Bi:P in Bi5PO10 that was analyzed by Brixner and Foris (1973) 
was 5.4:1 and not 5:1. Existence of other phases such as BiPO4 and BiP5O14 was 
observed in 5Bi2O3-P2O5 prepared (Figure 4.1). Besides, a few small peaks at 2θ ranges 
20o to 27o were ambiguous even at a lower scan rate of 0.5o/min (Figure 4.2). No 
change in XRD pattern was observed after heat treatment to 930oC for 48 hours.  The 
XRD pattern of Bi5PO10 (Brixner and Foris, 1973) is similar to that of Bi22P4O43 (5.5:1), 
which was studied in this project. These impurity peaks became less predominant as the 
Bi concentration increased, as observed in 5.25Bi2O3-P2O5. Thus, we conclude that 
Bi5PO10 does not exist as a single phase material; similar observation was reported by 
Schultze and Uecker (1985). The authors stated that the non-stoichiometric compound 
of Bi5.8PO11.20 was erroneously described by previous authors (Brixner and Foris, 1973) 
as Bi5PO10.  
 
The present study shows that the materials of compositions 5:1 and 5.25:1 are mixed-
phase; on the other hand, the material of composition 5.5:1 is single phase. 
 
 68
20 30 40 50 60
♠ ♠♣♣
♦♦♦
♦
 
 69
               
2O3-P2O5, 5 ≤ x ≤ 9:  
                          (a) x = 5, (b) x = 5.25, (c) x = 5.5, (d) x = 5.75, (e) x = 6, (f) x = 6.25,        
                          (g) x = 6.5, (h) x = 6.75, (i) x = 7, (j) x = 7.25, (k) x = 7.5, (l) x = 8,  
                          (m) x = 8.5, (n) x = 9 
In
te
ns
ity
 (a
rb
itr
ar
y 
un
its
) 
2θ (degree) 
♣ BiPO4 (ICDD card no: 15-767) 
♠ BiP5O14 (ICDD card no: 36-5) 
♦ δ-Bi2O3 (ICDD card no: 27-52) 
(a) 
(c) 
(b) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 
(k) 
(j) 
(m) 
(l) 
(n) 
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 The XRD spectrum of Bi23P4O44.5 is shown in Figure 4.3. This pattern agrees with those 
reported in the literature (Watanabe, 1997; Watanabe and Kitami, 1998) as well as those 
of the ICDD card number 49-973 and 89-110. The XRD pattern could be fully indexed.  
The values for the cell parameters were refined to be a = 11.3614 (5), b = 11.3668 (6), c 
= 20.4499 (7), α = 77.46, β = 86.29 and γ = 119.58 with space group of P-1 using 
Chekcell refinement program. These values were slightly smaller than those reported in 
the literature (Watanabe, 1997; Watanabe and Kitami, 1998) as well as those of the 
ICDD card number 49-973 and 89-110. The discrepancy could probably be explained 
by the use of powder data in the present study while single crystals of Bi23P4O44.5 were 
grown for the determination of lattice parameters in previous work.  
 
A solid solution was formed between Bi22P4O43 and Bi12P2O23 since these samples  
(Bi:P = 5.5:1, 5.667:1, 5.75:1 and 6:1) have similar XRD patterns with a shift in 2θ at  
∼34.0o (Figure 4.1). It was expected that the increasing Bi content could change atomic 
arrangement in the structure which would result in a shift in d-spacing (West, 1999).  
 
Table 4.1 shows the lattice parameters of the single phase materials in xBi2O3-P2O5 
binary system, 5.5 ≤ x ≤ 6. The refinements were performed using the lattice parameters 
of Bi23P4O44.5  (x  =  5.75)   reported  by  Watanabe  and  Kitami (1998) or in ICDD card 
number 89-110 as starting values. The results show that these materials were 
successfully refined in triclinic symmetry with space group of P-1. Generally, lattice 
parameters and volumes of these materials increased with increasing Bi content, thus 
obeying Vegard’s law. The ionic radius of Bi3+ (0.96 Å, octahedral coordination) is 
larger than P5+ (0.17 Å, tetrahedral coordination) (Shannon and Prewitt, 1969); Bi–O 
bond length is thus expected to be longer than P–O bond which may lead to increase in 
cell parameters of the materials with increasing of Bi content.  
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                                                  Figure 4.3: XRD pattern of Bi23P4O44.5 
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Table 4.1: The lattice parameters of xBi2O3-P2O5, 5.5 ≤ x ≤ 6 solid solutions from X-ray  
diffraction data 
 
 
x  
Crystal 
system 
                           
                      Lattice  parameters (Å) 
 
α ( ο ) 
 
β ( ο ) 
 
γ ( ο ) 
Unit-cell 
volume (Å3)
5.5 
 
Triclinic a = 11.3580 (4) b = 11.3628 (5) c = 20.4464 (7) 77.47
 
86.39 119.55 
 
2195.55 
 
5.667 
 
Triclinic a = 11.3589 (3) b = 11.3655 (3) c = 20.4472 (8) 77.50
 
86.29 
 
119.57 
 
2195.30 
 
5.75 
 
 
Triclinic
Triclinica
a = 11.3614 (5) 
a = 11.366 
 
b = 11.3668 (6) 
b = 11.369 
 
c = 20.4499 (7) 
c = 20.453 
 
77.46
77.535
 
86.29 
86.214 
 
119.58 
119.565 
 
2195.40 
2197.81 
 
6 Triclinic 
Monoclinicb 
Monoclinicc 
Monoclinicd
 
a = 11.3658 (1) 
a = 12.210 
a = 9.8144 
a = 19.663 
 
b = 11.3718 (1) 
b = 11.440 
b = 11.440 
b = 11.442 
 
c = 20.451 (2) 
c = 15.767 
c = 6.5500 
c = 21.129 
 
77.47
90 
90 
90 
 
86.28 
92.28 
94.27 
112.30 
119.56 
90 
90 
90 
 
2197.30 
2200.63 
  733.37 
4390.47 
 
Note: a Watanabe (1997) 
b  ICDD card no: 43-470 
c  Jie and Eysel (1995) 
d  Katkov et al. (1997) 
 
 
In previous work, the structure of Bi12P2O23 was refined in the monoclinic symmetry 
roup of I (ICDD cwith space g ard no: 43-470). The existence of a small amount of 
nknown phase was observed. The authors reported an alternative cell with space group 
12P2O23 has a monoclinic structure with space group 1 or 
θ = 26.18o, 27.59o, 28.06o at 2θ  25.60  in Bi could 
hen  refi ement was pe etry 
s re ted  Jie a  Eyse and IC
le t dex ll the eaks D da  of Bi P2O23 clinic 
cell using the me rs of Bi23P4O  and 
itami (1998) start  val es. Thus, we conclude that Bi12P2O23 was c ed in 
iclinic symmetry with cell parameters of a = 11.3658 (1), b = 11.3718 (1), c = 20.451 
compositions 6:1 and 7:1. Some splitting of peaks at around 2θ = 27.6o, 29.0o, 32.0o and 
u
of I in their later work (Jie and Eysel, 1995). However, Katkov et al. (1997) reported 
that the single crystal of Bi P2
P21m. 
 
 and 45.90o and = o 12P2O23 Peaks at 2
not be indexed w the n rformed based on a monoclinic symm
and cell param y deter por b n l (1995) DD card number 43-470. It 
is, however possib o in  a  p in the XR ta  on a tri12
lattice para te 44.5 (x = 5.75) reported by Watanabe
 as ing u rystallizK
tr
(2), α = 77.47, β = 86.28 and γ = 119.56 with space group of P-1 (Table 4.1).  
 
The materials with Bi:P ratios of 6.25:1 to 6.75:1 appeared to be mixed phases of 
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34.0o were observed in their XRD patterns. However, the samples where Bi/P = 6.25 
and 6.5 appeared to be single phase materials after being heated at 900oC for 240 hours. 
he XRD patterns of these samples were very similar to that of Bi12P2O23. Weight loss 
     
ads to the change in the ratios of 
i:P from 6.75:1 to 6.5:1. 
ple where Bi/P = 6.25 and 6.5 in prolong heating 
tment at 90
/P    tiv t  
                                          ss 
.25                   48       1.73     1.73 
 09 
    4.7
                               48       1.32        6.10 
          1.20        7.30 
6.5                48          1.50        1.50 
                       48          1.41        2.91 
     48          1.61        4.52 
at of the ICDD card number 
9-38. It was fully indexed in monoclinic symmetry. However, there were some 
T
was observed in the materials on prolonged heating at 900oC. This leads to the change 
in the ratios of Bi:P from 6.25:1 to 5.9:1 and from 6.5:1 to 6.1:1, respectively   
(Table 4.2). This indicates that single phase materials of composition 6.25:1 and 6.5:1 
do not exist. The impurity peaks in the XRD pattern of 6.75Bi2O3-P2O5 did not vanish 
even after heat treatment of 900oC for 240 hours. Similarly, weight loss was observed in 
this material on prolonged heating at 900oC. This le
B
 
Table 4.2: Weight loss in sam
trea 0oC 
 
Bi             
               
    Duration/ hour                    Weight loss (%)                     Cumula e weigh
                                                                            lo (%) 
  
6    
      
       
                        48 
  48 
  
  
       1.36 
       1.69 
 
 
     3.
    8 
   
     48
   
        
        
                               48          1.70        6.22 
     48          1.67        7.89 
     48          1.50        9.39 
     24          0.49        9.88 
 
 
The XRD pattern of Bi7PO13 is shown in Figure 4.4. This pattern agrees with that 
reported in the literature (Jie and Eysel, 1995) as well as th
4
differences in terms of the hkl values with those reported in the ICDD card number 49-
38. 
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Chekcell refinement revealed that a narrow solid solution series was formed between 
Bi7PO13 and Bi29P4O53.5. Bi P4O53.5, a new compound, crystallized in monoclinic 
symmetry with space gro lattice parameters of 
i29P4O53.5   are   close   to   those  of  Bi7PO13  reported  in  ICDD  card  number  49-38, 
 
 Crystal system Lattice  parameters (Å) α ( ο )
29
up of P21 (Table 4.3). Besides, 
B
indicating that they may have similar crystal structures. The cell parameters of 
Bi29P4O53.5 are slightly larger than those of Bi7PO13.  
 
Table 4.3:  The lattice parameters of xBi2O3-P2O5 binary system, x = 7 and 7.25 from  
X-ray diffraction data 
                              
x  
 
β ( ο ) 
 
γ ( ο ) 
    Unit-cell 
  volume (Å3)
 
 
 
noclinicb a = 19.649 (6) b = 12.031 (12) c = 24.341 (13) 
 
 
90 
 
111.60 (1) 
111.81 (3) 
 
90 
90 
 
5361.02 
5342.30 
 
7.2  (34) 90 111.77 90 5361.83 
No
etry. However, some 
 and 
efin meters reported by them. 
o ation f the e  
nor peak at 2 o  
existence of δ-Bi2O3 a
ixed-
ame 
s cor
 
7 Monoclinic a = 19.6444 (28) b = 12.0690 (23) c = 24.3206 (32) 90
Triclinica 
Mo
a = 12.168 b = 11.704 c = 15.651 90.31 91.01 89.7 2228.51 
    
5 Monoclinic a = 19.6445 (34) b = 12.0705 (19) c = 24.3488
  
te: a Jie and Eysel (1995) 
b  ICDD card no: 49-38/ Wignacourt et al., 1993 
 
 
Jie and Eysel (1995) claimed that Bi7PO13 had triclinic symm
unindexed peaks at 2θ = 9.0o and 13.2o were observed in both of Bi7PO13
Bi49P4O53.5 when r ement was performed using the cell para
The f rm  o compound with Bi:P ratio of 7.5:1 appeare ed qu stionable sinc
there was a mi θ = 32.4  in the XRD pattern, which may be due to the
s a secondary phase in this material.  
 
Similarly, the materials which Bi:P ratios ranging from 8:1 to 9:1 appeared to be m
phase materials. The impurity peaks at around 2θ = 28.0o, 32.4o, 46.5o and 56.0o bec
more intense as the Bi2O  concentration increased. These peak respond to those3  of 
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 Figure 4.4: XRD pattern of Bi7PO13 
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δ-Bi2O3. The XRD pattern of 9:1 was compared with that of δ-Bi2O3 using µPDSM 
re (1990) (Figure 4.5). ties of these peaks were not reduced even after 
ent at 850oC for 120 hours. The samples that melted at ~880oC gave similar 
purity peaks (which was held for only 10 minutes). The phase purity of materials in 
Bi O3-P O  binary system, 5 ≤ x ≤ 9 is summarized in Table 4.4. 
card no. 
                                                Impurity phase 
5:1           Bi PO Mixed phase of 5.5:1, BiPO
           This work 
rixner and Foris (1973)/      
                                                    26-
                                                    Mixed phase                                                    Schultze and U )  
            
5.25 i21P4 41.5                             ixe    hi
 
5.5:1  Bi22P4O43      Single phase                Triclinic             This 
 
5.667:  Bi17P3O33      Single phase                Triclinic                        This work 
 
5.7 i23P4O44.5   Single phas               Tr  his
       Single phas               Tr       e ),  
  Watanabe 997) 
6:1     Bi12P2O23   Single phas               Tr                    This wo
  Single phas             Mon           43-47
 
6.25: i25P4O47.5        phase of 6:1 and                          This 
 
6.5:1     Bi13P2O24. phase of 6:1 and                                      This wor  
6.75:1  Bi27P4O50. ed phase of 6                                        This wo  
 
7:1      Bi7PO13   Single phas            Monoclinic his
      Single phas                Tr  nd Eyse 1995) 
     Single phas              Mo c W gnacourt et a 1993)  
 
7.25:1  Bi29P4O53.5     Single phas              Mo c             This wo  
 
7.5:1     Bi15P2O27.5        ed phase of 7: 2O3                                                        This work 
 
8:1        Bi8PO14.5  ed phase of 7: 2O3                     This work 
 
8.5: i17P2O30. ed phase of 7: 2O3   This
 
9:1     Bi9PO16   ed phase of 7: 2O3                     This work 
softwa The intensi
heat treatm
im
x 2 2 5
 
Table 4.4: Summary of xBi2O3-P2O5 binary system, 5 ≤ x ≤ 9 
 Bi:P           Sample                     Phase purity/                       Crystal system         Reference/ICDD 
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4.1.2 Density Measurement 
Table 4.5 shows the results of density measurements carried out on single phase 
materials. The standard deviations of the readings are large, which may lead to a lower 
onfidence level for the results obtained.  
Table 4.5: xBi2O3-P2O5 binary system, 5.5 ≤ x ≤ 7.25  
Bi/P D sity ( EV (g/cm3) Temp (oC) (g/cm3) 
DEV  
(g/cm3) 
c
 
Densities of 
AVG ST
 en g/cm3) STD
5.5 8.3121 0.1620 24.8 8.2980 0.0539 
  8.3434 0.0158 25.8   
  8.2384 0.0231 23.3   
5  8.380   .667 0 0.0080 24.4 8.3055 0.0711
  8.2981 0.0092 23.7     
  8.2384   0.0039 23.3   
5.75 8.4017 0.0065 23.1 8.3662 0.0355 
  0.0100 26.2     8.3661 
  8.3308 0.0079 23.2     
6 8.3738 0.0075 22.5 8.3620 0.0115 
  8.3509 0.0089 25.9     
  8.3614 0.0074 23.1     
7 8.3733 0.0120 25.3 8.3938 0.0191 
  8.4112 0.0069 25.3     
  8.3969 0.0056 23.2     
7.25 8.3724 0.0052 24.3 8.3849 0.0108 
  8.3908 0.0078 25.6     
  8.3914 0.0073 22.7     
 
 
 79
Generally, in the xBi2O3-P2O5, 5.5 ≤ x ≤ 6 solid solutions, the density of the materials 
 =  FW/(volume of formula unit x N)             (4.1) 
where N is Avogadro’s number. If the unit cell, of volum s Z formula units, 
                   V  =  volume of one for it x  Z   .2) 
            99) 
Since the atomic mass of Bi (208.98) is larger than P (30.97) and the difference in the 
cell volumes of these ma als were margin density of the thus 
exp c ed  increa  i easing Bi content
However, the density measured in the xBi2O 5, 7 ≤ x ≤ 7.25 solid solutions 
lightly with increase of Bi content in the materials. The decrease m  
significant since the standard deviations of the are large. Gene rials 
in xBi2O3-P2O5, 7 ≤ x ≤  solid solutions d a higher den se in 
5, 5.5  x ≤ 6 solid solutions. This could be explained by the different 
arrangement of atoms in the crystal structures o two solid solut
aterials were calculated based on the cell 
increased with increasing Bi content. A simple relation exists between the bulk crystal 
density, formula weight (FW), cell volume and the number of formula units in the cell. 
The density (D) is given by 
                  D =  mass/volume 
         =  FW/molar volume 
        
e V, contain
then 
                   mula un            (4
        (West, 19
teri al, the  materials is 
e t  to se with ncr .   
 
3-P2O
decreased s ay not be
values rally, the mate
7.25  showe sity than tho
xBi2O3-P2O ≤
f these ions.  
 
From Equation 4.1, the densities of the m
volume obtained using XRD data (Table 4.2 and Table 4.3). Table 4.6 lists the density 
calculated for the materials in xBi2O3-P2O5 binary system, where 5.5 ≤ x ≤ 6. 
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Table 4.6:  Densities   calculated   from   XRD   results  for  xBi2O3-P2O5 binary system, 
5.5 ≤ x ≤ 6 
Sample            Density calculated (g/cm3) Dens  reported previously (g/cmity
i17P3O33   8.42     N.R. 
0, 
44.5 agreed well with those reported previously. The 
isagreement observed in Bi12P2O23 was attributed to the different crystal symmetry 
ent study compared to that reported in 
f  all the materials. It may 
theoretical values, thus confirming the compositions of the various phases. 
3) 
Bi22P4O43   8.18     N.R. 
             (Z = 2) 
 
B
             (Z = 2) 
 
Bi23P4O44.5   8.53         8.52  (ICDD card no: 47-973) 
             (Z = 2)         8.524 (ICDD card no: 89-11
                      Watanabe, 1997) 
 
Bi12P2O23   8.88         6.651 (ICDD card no: 43-470) 
             (Z = 2) 
 
Note: N.R. = not reported 
 
As expected, the density calculated increased with increasing Bi content in the materials. 
The density calculated for Bi23P4O
d
(triclinic) and thus different Z value in the pres
ICDD card no: 43-470.  
 
Calculated densities were higher than experimental values or
b to resence of defects in the m ials.  e due  the p ater
 
4.1.3 Elemental Determination 
The composition of the final products in xBi2O3-P2O5 binary system, 5.5 ≤ x ≤ 7.25 was 
examined by ICP-AES (Table 4.7). The atomic percent of oxygen present in the 
materials was calculated by difference. Generally, the experimental values agreed with 
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 Table  4.7:   Elemental   composition   of   materials   in   xBi2O3-P2O5   binary   system,  
  5 ≤ x ≤ 7.25  
 
 Atomic % 
Sample Element Theoretical  ICP-AES 
Bi22P4O43 Bi 31.88 32.00 ± 0.06 
 P   5.80   5.72 ± 0.04 
 O 62.32 62.29 ± 0.02 
Bi17P3O33 Bi 32.08 32.17 ± 0.07 
 P   5.66   5.59 ± 0.05 
 O 62.26 62.24 ± 0.02 
Bi23P4O44.5 Bi 32.17 32.25 ± 0.05 
 P   5.59   5.54 ± 0.04 
 O                     62.24 62.21 ± 0.02 
Bi12P2O23 Bi 32.43 32.46 ± 0.16 
 P   5.41 ±  5.39  0.11 
 O 62.16 62.15 ± 0.05 
Bi7PO13 Bi 33.33 33.38 ± 0.11 
 P   4.76   4.73 ± 0.08 
 O 61.90 61.89 ± 0.03 
Bi49P4O53.5 Bi 33.53 33.58 ± 0.12 
 P   4.62   4.59 ± 0.08 
 O 61.85 61.83 ± 0.03 
 
 
4.1.4 Electrical Properties 
Conductivity measurements were carried out on single phase materials in the 
temperature range of 200oC and 850oC. In general, the impedance data show a 
t temperatures below 400oC, 
dicating the presence of grain boundary effect in the materials studied. When 
’ 
n and grain boundary resistance. Typical 
ircle 
bserved  at  300 C  could  be  resolved  into  two  semicircles  as shown in Figure 4.6a.  
broadened semicircle with a low-frequency spike a
in
temperature increased, the semicircle became smaller and shifted towards lower Z
values, indicating a reduction of grai
impedance data are shown in Figure 4.6 for Bi23P4O44.5. The broadened semic
oo
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 Figure 4.6: Complex impedance plane plot for Bi23P4O44.5 at 
                   (a) 300oC, (b) 500oC 
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The associated capacitance of the high frequency semicircle has a value of                 
9.21 x 10-12 F cm-1, which is typical of bulk component. Meanwhile, the associated 
capacitance of the low frequency semicircle was estimated to be ~10-10 F cm-1, which is 
typical of grain boundary component (Irvine et al., 1990; Sinclair et al., 2000). 
 
The impedance data of Bi23P4O44.5 can be described by the equivalent circuit shown in 
the inset of Figure 4.6a. The circuit consists of a series connection of two sub-circuits, 
representing grains and grain boundary, respectively. Each sub-circuit is composed of 
one resistor and one capacitor in parallel. The electrode double-layer capacitance (Cdl), 
with typical magnitude of 1 µF cm-1, represents the gold-solid electrolyte interface. The 
impedance of such an equivalent circuit can be described by both the real part, Z’, and 
the imaginary part, Z” as follow: 
 
                                      Rb           Rgb
                 Z’ =  
        1 + (ωCbRb)2          1 + (ωCgbRgb)2     
                                                                    (4.3) 
             
                                        
                 Z” = Rb    +  Rgb
             1 + (ωCbRb)2          1 + (ωCgbRgb)2                          (4.4) 
 
 
where ω = 2πf is the angular frequency and Cb, Rb, Cgb, Rgb are capacitance and 
resistance of grains and grain boundaries, respectively. At higher temperatures, the 
predominant feature is a low-frequency spike inclined at ≈70o to the horizontal axis 
(Figure 4.6b). Its associated capacitance of ≈10-6 F cm-1 is characteristic of ionic 
polarization phenomena at the blocking electrodes, and a diffusion-limited Warburg 
impedance, thus supporting the idea the conduction was predominantly ionic.  
he impedance data of the material was further examined using the combined 
e roscopic plots of imaginary components of the complex impedance, Z” and electric 
e 
frequency maxima of Z” and M” peaks should be coincident, and the half-height peak 
                   +                 
ωCbRb       ωCgbRgb    
                                    
 
T
sp ct
modulus formalisms, M”. For an ideal Deybe response representing bulk properties, th
widths should be 1.14 decades on a log(f) scale (Sinclair and West, 1989). Figure 4.7 
ows that the fmax values of Z” and M” are close but not coincident, while the M” peak 
hese materials show reproducible conductivity behavior in heating and cooling cycles. 
t 300oC and 600oC, and the activation energy values for all the samples in 
Bi2O3-P2O5 binary system, 5.5 ≤ x ≤ 7.25. The conductivity values of YSZ are  
able  4.8: Conductivity  (σ300  and  σ600)  and  activation  energy (Ea)  of  xBi2O3-P2O5  
3.53a                 ~0.8a
ote: # at temperatures < 650oC 
a  West, 1999 
sh
is rather broad, with a half-height peak width of ~1.96 decades on the log(f) scale; this 
shows that the conductivity measured is not that of the bulk alone, as has been discussed 
earlier (Prasad et al., 1994; Varma and Prasad, 1996).  
 
T
The data of the total conductivity, σT were used to plot the Arrhenius plot. Figure 4.8 
shows Arrhenius plots of Bi2O3-P2O5 binary system during the first cooling cycle. The 
conductivity values range from 10-7 to 10-2 ohm-1cm-1 between 200 and 850oC with an 
activation energy of approximately 0.75 eV. Among the materials prepared, Bi23P4O44.5 
has the highest conductivity: 3.10 x 10-5 ohm-1 cm-1 at 300oC, which is in agreement 
with the value reported previously (Watanabe, 1997).  Table 4.8 lists the conductivity 
values a
x
included for comparison. At 300oC, in general, conductivity of the single phase 
materials in xBi2O3-P2O5 binary system decreased in the order of: 
                                   5.75 > 6 > 5.667 ~ 7.25 > 5.5 > 7  
 
T
                  binary system, 5.5 ≤  x ≤ 7.25 
 
x                              σ300 x 10 -5 / ohm-1 cm-1                   σ600 x 10-3/ ohm-1 cm-1                 Ea (eV) 
 
5.5                  1.03   1.29       0.74  
5.667          1.61   1.94       0.74 
5.75                  3.10   2.89       0.67  
6                  2.33   3.05       0.75  
7                  1.09   4.62       0.86#
7.25          1.57   4.98       0.83 
YSZa          2.68a   
 
N
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Figure 4.7: A combined Z” and M” spectroscopic plots for Bi23P4O44.5  
                   at 300oC 
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xBi2O3-P2O5 binary system, 5.5 ≤ x ≤ 7.25                      Figure 4.8: Arrhenius plots of 
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The conductivity values of Bi7PO13 are comparable to those reported by Wignacourt et 
l. (1993).  It is noteworthy that Bi7PO13 and Bi29P4O53.5 have the lowest conductivity at 
wer temperatures, but the highest conductivity at temperatures above 550oC (Figure 
.8).  
hopping mechanism between the regular tetrahedral sites 
long <100> directions (Boyapati et al., 2001). This was attributed to the presence of 
ith composition of xBi2O3-P2O5, 5.5 ≤ x ≤ 7.25 have structures closely 
uorite; thus the conduction mechanism is postulated to be similar to 
a
lo
4
 
Bi23P4O44.5 (5.75:1) crystallized in the triclinic system (Watanabe, 1997; Tompsett et al., 
1998). The structure was based on a pseudo-fcc subcell which was closely related to the 
unit cell of δ-Bi2O3 with a’ ≈ 5.5 Å. Meanwhile, Wignacourt et al. (1991) reported that 
materials in the composition range of Bi/P ≥ 6 crystallized in fluorite type structure 
which was related to δ-Bi2O3. In their later work, Bi7PO13 was identified as a 
superstructure of the δ-Bi2O3 fcc form with monoclinic symmetry (Wignacourt et al., 
1993).  
 
The high temperature δ form of Bi2O3 is well known for its promising anionic 
conduction properties resulting from a defect fluorite structure type with highly 
disordered O2- vacancies where 25% of the anion sites are vacant (Takahashi et al., 
1972; Takahashi and Iwahara, 1978).  
 
The ionic transport mechanism in the fluorite structure involved a path which was more 
complicated than a simple 
a
vacant octahedral positions that led to more favorable paths involving the displacement 
of oxygen ions towards the central vacant position along the <111> directions. As a 
result, an exceptionally high ionic conductivity was obtained due to the disordered 
defect fluorite structure of cubic bismuth oxide.  
 
The materials w
related to that of fl
that of fluorite.  
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The higher activation energies in Bi7PO13 and Bi29P4O53.5 than the other materials could 
be due to different atomic arrangement the crystal structures of these materials. 
Watanabe and Kitami (1998) reported that all the O atoms in Bi23P4O44.5 were allocated 
to the general position 2i; and each P atom was tetrahedrally coordinated by four O 
atoms which occupied 2i sites with no vacancy and which did not take part in oxide-ion 
conduction because of strong bonds between P and O. On the other hand, the Bi atoms 
were surrounded statistically by seven or eight O atoms with Bi-O bond lengths 
extending from 2.14 to 2.80 Å. However, little is known about the atomic arrangement 
in Bi7PO13.  
 
The conductivity values obtained for the Bi2O3-P2O5 binary system studied are 
comparable to that of YSZ, which is used as the electrolyte material in SOFC at present. 
The activation energies for the materials where Bi/P = 5.5, 5.667, 5.75 and 6 are lower 
than that of YSZ, 0.8 eV (Table 4.8). 
 
Conductivity measurements were carried out in dry oxygen free nitrogen (OFN) in 
order to confirm the conduction species of the material. Since no significant change in 
conductivity was seen on changing the atmosphere (Figure 4.9), contribution in 
conductivity by electrons if present, is negligible. Similar results were obtained for the 
other materials studied in xBi2O3-P2O5 binary system, 5.5 ≤ x ≤ 7.25.  
 
An isothermal conductivity plot of the material in different environments is given in 
Figure 4.10. The conductivity measurements were carried out in air subsequently in 
OFN. The OFN was flowed into the tube furnace with flow rate of 600 ml/min and the 
measurement was made after 2 hours stabilization time. The material was not 
atmosphere-sensitive since no significant change in conductivity was observed. 
 
 89
 90
-6.5
-6
0.8 1 1.2 1.4
-5.5
-1.5
1.6 1.8 2 2.2 2.4
1000K/T
-2
-2.5
-4
-3.5
-3
lo
g 
σ T
 (o
hm
-1
 c
m
-1
)
-5
-4.5
heating in air
heating in OFN
 
                        Figure 4.9: Arrhenius plots of Bi23P4O44.5 in two different atmospheres 
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Figure 4.10: Isothermal conductivity of Bi23P4O44.5 in different   
                     atmospheres at 350oC 
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Figure 4.11 shows complex plane plots of Bi23P4O44.5 at 500oC as a function of the 
applied voltage. Only the low frequency region, below 100 Hz, was affected by 
changing the amplitude of the applied voltage. The capacitance values for the response 
in this low frequency region were close to 10-6 F. This indicates that the low frequency 
gions of the impedance plots were the response of the electrolyte/electrode interface 
th oncentration 
The electric modulus is proportional to C-1, C being the capacitance. The peak heights 
odulus plots (Figure 4.12) were independent of temperature indicating that 
23 4 44.5 
re
(Fonseca et al., 2001). The conductivity of the material was independent of the 
amplitude of the voltages applied, supporting the earlier observation that the conduction 
was predominantly ionic. 
 
From e emf measurements on a sintered circular pellet using an oxygen c
cell, Watanabe (1997) reported that Bi23P4O44.5 had O2- transport number of close to 0.9 
above 600oC. The transport number of the ionic species O2- in Bi7PO13 was evaluated 
from the emf of the concentration cell P1(O2)/Au/sample/Au/P2(O2) as a function of 
temperature (Wignacourt et al., 1997). The authors reported that Bi7PO13 had O2- 
transport number of almost unity above 420oC.  Thus these materials have been shown 
to be oxide ion conductors.  
 
of the m
Bi P O did not exhibit ferroelectric properties in the temperature range studied. The 
peaks’ shift towards higher frequencies, as the temperature increased, was mainly due to 
reduction of bulk resistivity. Similar phenomena were observed for the other materials 
studied in xBi2O3-P2O5 binary system, 5.5 ≤ x ≤ 7.25. 
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Figure 4.11: Complex plane plots of Bi23P4O44.5 at different  
                     applied voltages, at 500oC 
 
 
 93
 94
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 1 2 3 4 5 6 7 8
log f (Hz)
M
" (
x 
10
-3
)
250oC
300oC
350oC
400oC
450oC
0o
0o
0o
0o
0o
Increasing temperature
 
 
 
 
 
Figure 4.12: Modulus plots of Bi B23BPB4 BOB44.5 B at various temperatures 
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4.1.5 Thermal Analysis 
The occurrence of phase transitions on heat or cool cycles leads to complicated 
conductivity versus temperature behavior.  
 
Figure 4.13 shows the DTA thermograms of materials in xBi B2 BOB3 B-PB2BOB5 Bbinary system, 
5.5 ≤ x ≤ 7.25, at a heating and cooling rate of 10Po PC/min. A phase transition was seen in 
the DTA thermograms of Bi B22 BPB4 BOB43B (x = 5.5) and Bi B12BPB2 BOB23 B(x = 6) at around 900PoPC, but 
it was not quite discernable on heating cycle. It is however questionable whether this 
peak corresponded to a phase transition or the onset of the melting process since there 
was no phase transition observed in Bi B23BPB4 BOB44.5 B(x = 5.75)B.B  
 
The temperature of the phase transition (if any) could vary with composition, if the 
material formed a solid solution (West, 1999). Bi B22BPB4 BOB43 B, Bi B12BPB2 BOB23 BandB B i B23BPB4 BOB44.5B 
melted congruently at around 950Po PC. Watanabe (1997) reported that BiB23BPB4 BOB44.5 B melted 
congruently at 950Po PC without polymorphic transformation.  
 
A phase transition was seen clearly in BiB7 BPOB13 B (x = 7) at 854 Po PC in the cooling cycle. 
Wignacourt et al. (1993) reported the occurrence of a transition at 875Po PC in BiB7 BPOB13 B, B 
Bcorresponding to ε → σ transition. These two phases, ε and σ with monoclinic unit cell, 
have a common orthorhombic subcell which is related to the δ-Bi B2BOB3 B fcc form. The 
discrepancy of these results could be due to the different scanning rate used. A lower 
heating rate of 5 Po PC/min was used in their work.  
 
On the other hand, a reversible phase transition was observed in BiB29BPB4 BOB53.5 B at around 
870Po PC (Figure 4.13e). It probably corresponded to ε → σ transition since Bi B7 BPOB13 B and 
Bi B29BPB4 BOB53.5  Bare solid solutions. High temperature XRD is, however, required to confirm 
this. 
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          Figure 4.13: DTA thermograms of xBi B2 BOB3 B-PB2 BOB5 B binary system:  
(a) x = 5.5, (b) x = 5.75, (c) x = 6, (d) x = 7, and (e) x = 7.25 
 
Temperature ( PoPC) 
D
el
ta
 T
, e
nd
o 
do
w
n 
(Po
P C
) 
 97
The XRD patterns of both Bi B7BPOB13 B and Bi B29 BPB4BOB53.5 Bcooled from melt (which was held at 
ca. 935PoPC for only 10 minutes) show that these materials melted incongruently (Figure 
4.14) to a possible mixture of Bi B7 BPOB13 B, δ-Bi B2 BOB3 B (ICDD card no: 27-52) and some 
unidentified phases.   
 
No weight loss was observed in TGA carried out at similar heating rate, indicating that 
the materials in xBi B2BOB3 B-PB2BOB5 Bbinary system, 5.5 ≤ x ≤ 7.25 are thermally stable in 
temperature range of 50PoPC–850Po PC. 
 
4.1.6 Fourier-transform Infrared (FT-IR) and Raman Spectroscopy 
The IR absorption spectra of xBiB2 BOB3 B-PB2 BOB5 B binary system, 5.5 ≤ x ≤ 7 were recorded 
(Figure 4.15). The strong broad absorption at ∼3440 cmP-1 P and a medium absorption 
band at ∼1635 cmP-1 P correspond to the O-H stretching and bending mode, respectively 
(Nakamoto, 1997). The presence of the medium multi-component absorption band at 
1630 cmP-1 P is a strong indication of the presence of hydrated water (Nyquist and Kagel, 
1973) which may have been absorbed by the sample support or window material, KBr, 
since KBr was known to be very hygroscopic. 
        
The IR spectra of xBi B2 BOB3 B-PB2 BOB5 B binary system, 5.5 ≤ x ≤ 7 (Figure 4.15) show intense 
bands at ~970 cmP-1 P and ~544 cmP-1 P, which were assigned to ν(P-O) and ν(P-P) types of 
vibration, respectively (Gadsden, 1975). At 5.5 ≤ x ≤ 6, a weak shoulder at ~900 cmP-1 P 
was observed, and the absorption intensity appeared to increase with increasing Bi 
content.   However, these results are not conclusive since the estimated error in υ is     
±4 cmP-1 P. 
                
~
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                    Figure 4.15: IR spectra of xBi B2 BOB3 B-PB2 BOB5 Bbinary system, 5.5 ≤ x ≤ 7.25:                     
                                        (a) x = 5.5, (b) x = 5.667, (c) x = 5.75, (d) x = 6, (e) x = 7,  
                                        (f) x =7.25 
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From the equation derived from Hooke’s law, 
                                     υ  =  ½ πc√ k/µ                (4.5) 
   where    υ  =  wavenumber (cmP-1 P) 
      c  =  velocity of light (cm/s) 
      k  =  force constant (dynes/cm) 
      µ  =  reduced mass of atoms (g) 
          =  mB1 BmB2 B/ (mB1 B+mB2 B)  
               (Pavia et al., 1996) 
 
In IR spectra, the adsorption maxima of the atoms depends on k (or bond strength) and 
µ (or mass) of the material. 
 
The atomic weight of Bi at 208.98 g/mol is much larger than that of P which is       
30.97 g/mol. Thus it is expected that υ would decrease with increasing Bi content. More 
over, the ionic radius of BiP3+ Pof 0.96 Å is larger than that of PP5+P which is 0.17 Å. Bi-O 
bond length is thus expected to be longer and weaker compared to P-O bond and 
bringing to lower k value which may lead to lowering of υ.  
 
The absence of a weak shoulder at ~900 cmP-1 P in Bi B7 BPOB13 B and Bi B29 BPB4 BOB53.5B may be due to 
the difference in the crystal structure of these materials as discussed previously.  It thus 
supports  the  suggestion  that  there  are  two  solid solutions formed in xBi B2BOB3 B-PB2 BOB5 B, 
5.5 ≤  x ≤ 7.25: one in the range of 5.5 ≤ x ≤ 6 and another in the region of 7 ≤ x ≤ 7.25. 
A shift was observed in the P-O stretching at ~975 cmP-1 P in Bi B7 BPOB13 B and Bi B29BPB4 BOB53.5 B; this 
however is too small to give any meaningful interpretation.  
 
Bi B23BPB4 BOB44.5 B has been characterized using Raman spectroscopy by Tompsett et al. (1998). 
The spectrum of Bi B23BPB4 BOB44.5B has a much simpler profile with a dominant band at        
~
~
~
~
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131 cmP-1 PB.PB P Due to the limitation of instrument used in our studies, the materials were 
scanned in the region between 4000 and 200 cmP-1 P. It was found that the spectrum of 
Bi B23BPB4 BOB44.5 B showed an intensive band at 349 cmP-1 P and a strong band at 958 cmP-1 P. Table 
4.9 shows the comparison of the Raman bands observed with those reported previously. 
 
Table 4.9: Raman band position of BiB23BPB4 BOB44.5 B 
 
 BiB23BP B4BO B44.5   B(this work) B                   B BiB23 BP B4BO B44.5  B(Tompsett et al., 1998)B              B                     Assignment 
 
 349 (s)                        318(w,b)                               v (Bi-O)/ δ (O-P-O) 
 489 (sh)                        539 (w) 
 576 (m)                        571 (w,b)                                          POB4 PB3- P 
 616 (sh)                         616 (sh) 
 796 (m)                         843 (w) 
 932 (w) 
 958 (s)                      987 (sh)                                            POB4 PB3- P 
 
Note: sh = shoulder, w = weak, m = medium, b = broad, s = strong 
 
 
Similar to IR spectrum, Raman spectrum shows peaks assigned to ν(P-O) type of 
vibration. However, the peaks due to moisture at 1630 cmP-1 P and 3430 cmP-1 P were not 
seen in the Raman spectrum (Figure 4.16). 
 
The space group of Bi B23 BPB4 BOB44.5 B is P-1 (ICDD card no: 89-110) which falls under the 
point group of CBi PB1 P in Schoenflies notation (Nakomoto, 1997) with site symmetries of 
8CBi B and CB1 B. PP5+P was reported to be coordinated in tetrahedral oxygen environment 
(Watanabe, 1997; Tompsett et al., 1998).  
 
A POB4 PB3- Ptetrahedron has normal vibrations of AB1,B E, and FB2 B. Of these, only the FB2 B mode 
is IR active. Meanwhile, three of the normal vibrations of AB1,B E, and FB2 Bare Raman 
active. The peaks that are assigned to POB4 PB3- Pwere seen in υ ranging 1000-1100 cmP-1 P and 
500-600 cmP-1 P in IR, but they are Raman active at ~950 cmP-1 P and ~375 cmP-1 P (Nakamoto, 
1997; Devalette et al., 1982). 
~
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                    Figure 4.16: (a) IR spectrum and (b) Raman spectrum of Bi B23 BPB4 BOB44.5 B  
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4.2 Bi B2 BOB3 B-As B2BO B5 B Binary System 
4.2.1 Phase Purity 
For  the  bismuth-rich  part  of  Bi B2BOB3 B-As B2BOB5 B  system,  compounds  with xBi B2 BOB3 B-As B2BOB5 B, 
1 ≤ x ≤ 7 have been prepared (Figure 4.17). The formation of single phase was 
confirmed by the absence of the characteristic XRD lines of the constituent oxides and 
other phases in the XRD diffraction patterns.  
 
Among these materials, BiAsOB4 B(ICDD card no: 5-573, 7-387, 25-89, 47-1850,          
74-1412, 85-906), Bi B4BAs B2BOB11 B (Jie and Eysel, 1995), Bi B3 BAsOB7 B (ICDD card no: 46-191), 
Bi B8 BAs B2 BOB17 B(Jie and Eysel, 1995), BiB12 BAs B2 BOB23 B (ICDD card no: 44-175), and Bi B7 BAsOB13B (Jie 
and Eysel, 1995) have been reported as single phase materials.  
 
XRD results show that BiAsO B4 B with monoclinic symmetry was the dominant phase in 
the sample prepared while another BiAsOB4 B phase with unknown symmetry B B(ICDD card 
no: 7-387)B Bexisted as a secondary phase (Figure 4.17). A sample prepared at 900 PoPC for 
240 hours gave similar XRD pattern. No change was observed even after heat treatment 
at 930Po PC, a temperature close to the melting point of ∼945Po PC, for 48 hours.  
 
BiAsOB4 Bwas reportedB BpreviouslyB Bto exist in at least two different phases: tetragonal 
(ICDD card no: 5-573, 47-1850, 85-906), monoclinic (ICDD card no: 25-89, 74-1412) 
and a phase with unreported crystal data (ICDD card no: 7-387). Besides, it has been 
reported   that   BiAsOB4 B   had   two  commonly  occurring  structural  modifications  that 
coexisted under ordinary conditions of crystallization; one phase was monoclinic and 
the second phase was tetragonal (Mooney, 1948). In the present study, however, the 
tetragonal phase was not detected. 
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 ο   BiAsOB4 B(monoclinic) 
                                                                             x   BiAsOB4 B(ICDD card no: 7-387) 
                                                                                                ♦   unindexed peaks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                 
                                                                        
  
                                                                       2θ (degree)            
                       Figure 4.17: XRD patterns of xBi B2BOB3 B-As B2 BOB5 B binary system:  
                                          (a) x = 1, (b) x = 2, (c) x = 3, (d) x = 4, (e) x = 5, (f) x = 5.5,  
(g) x = 5.667, (h) x = 5.75, (i) x = 6, (j) x = 6.25, (k) x = 6.5,                         
and (l) x = 7.         
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The XRD pattern of the material of composition 2BiB2 BOB3 B-As B2BOB5 B indicates the presence of 
two phases. Heat treatment at 930Po PC, a temperature close to its melting point of 940Po PC, 
for 48 hours did not result in any change in the XRD pattern.  Refinement using the 
lattice constants reported by Jie and Eysel (1995) as starting parameters resulted in 
indexing of all the peaks except those at 2θ = 26.8Po P, 27.2Po P, 30.9 PoP, 31.3Po P and 44.5Po P, 
indicating that the material was not phase-pure. 
  
The XRD pattern of the material of composition 3Bi B2BOB3 B-As B2BOB5 B was similar to that in 
ICDD card no: 46-191.  Nevertheless, some additional peaks were observed at around   
2θ = 31.7Po P, 33.6Po P, and 45.7 Po P. No change was observed even after heat treatment at 980Po PC 
for 48 hours. These impurity peaks could be attributed to the presence of BiAsOB4 B(ICDD 
card no: 7-387) as a secondary phase. 
 
The material of composition 4BiB2BOB3 B-As B2 BOB5 B was reported to be orthorhombic with cell 
parameters of a = 5.718 Å, b = 9.985 Å, c = 3.304 Å. (Jie and Eysel, 1995). Indexing 
was carried out on 4Bi B2BOB3 B-As B2 BOB5 B prepared based on lattice values reported. However, 
unindexed peaks were found at 2θ = 27.9Po P, 33.4Po P, 44.6Po P, 46.5Po P and 47.3Po P, indicating the 
presence of Bi B12BAs B2 BOB23 B phase in the sample. These peaks were not eliminated even after 
heating at 980Po PC for 48 hours. 
 
Compositions with BiB2BOB3 B:As B2 BOB5 B ratios of 5:1 to 6.25:1 appeared to be solid solutions. 
They have similar XRD patterns with a shift in 2θ at ∼26.8 Po P and 46.4Po P (Figure 4.18). It 
was expected that the increasing Bi content could change atomic arrangement in the 
structure which would result in a shift in d-spacing (West, 1999). Thus, we conclude 
that BiB5 BAsOB10B, Bi B22 BAs B4 BOB43B, Bi B17 BAs B3 BOB33,B and BiB23 BAs B4 BOB44.5 Bare new compounds found in 
Bi B2 BOB3 B-As B2BOB5 B binary system.  
 
XRD analysis with slower scan rate, 0.1 Po P/min, was run on the single phase materials in 
xBi B2BOB3 B-As B2 BOB5 Bbinary system; 5 ≤ x ≤ 7 over 2θ range of 10 to 60 Po P.  
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The XRD pattern of BiB23BAs B4 BOB44.5 B (Figure 4.18) is similar to that of Bi B23BPB4 BOB44.5 B. This 
implies that Bi B23BAs B4 BOB44.5 BandB B i B23BPB4 BOB44.5 Bcould be isostructural. 
 
The values of the cell parameters of Bi B23 BAs B4 BOB44.5 Bin triclinic symmetry were refined to   
a = 11.5179 (5), b = 11.5226 (6), c = 20.6063 (1), α = 76.73Po P, β = 87.32Po Pand γ = 119.96PoP 
with space group of P-1 using Chekcell refinement program. These values were slightly 
larger than those of Bi B23 BPB4 BOB44.5 B. The ionic radius of AsP5+P (0.335 Å) is larger than PP5+P 
(0.17 Å) (Shannon and Prewitt, 1969); As-O bond length is thus expected to be longer 
than P-O bond which may lead to an increase in cell parameters of Bi B23BAs B4BOB44.5 B.  
 
Bi B12BAs B2 BOB23 Bhas been reported previously to crystallize in monoclinic symmetry with 
space group of P2B1 B (ICDD card no: 44-175; Jie and Eysel, 1995). The XRD spectrum of 
Bi B12BAs B2 BOB23 Bis similar to that reported in ICDD card number 44-175. However, peaks at 
2θ = 18.6Po Pand 25.9Po Pin Bi B12 BAs B2 BOB23 Bcould not be indexed when the refinement was 
performed  based  on  cell  parameters  reported in ICDD. On the other hand, peaks at 
2θ = 13.9PoP and 18.6Po Pcould not be indexed when the refinement was performed based on 
cell parameters reported by Jie and Eysel (1995). It is, however possible to index all the 
peaks in BiB12 BAs B2 BOB23B in the triclinic symmetry using the lattice parameters reported for 
Bi B23BPB4 BOB4.5 Bin ICDD card number 89-110. The values for the cell parameters of 
Bi B12BAs B2 BOB23 Bwere refined to be a = 11.5312 (8), b = 11.5357 (9), c = 20.6179 (11),          
α = 76.79Po P, β = 87.30Po P and γ = 119.92Po P with space group of P-1 using Chekcell 
refinement program. 
 
Unlike Bi/P = 6.25, the sample where Bi/As = 6.25 was a single phase material. No 
significant weight loss was observed in the material after heat treatment at 900PoPC for 48 
hours.  
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                                             Figure 4.18: XRD pattern of BiB23 BAs B4 BOB44.5 
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Table 4.10 shows the lattice parameters of the single phase materials in xBi B2BOB3 B-As B2 BOB5 
Bbinary system, 5 ≤ x ≤ 6.25. The refinements were performed using the lattice 
parameters of Bi B23 BPB4 BOB44.5 Breported in ICDD card number 89-110 as starting parameters. 
The results show that these materials were successfully refined in triclinic symmetry 
with space group of P-1.  
 
Table 4.10: The lattice parameters of xBi B2 BOB3 B-As B2BOB5 B binary system from X-ray                         
diffraction data 
 
 
x  
Crystal 
system 
                           
                         Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( Pο P ) 
 
γ ( Pο P) 
Unit-cell 
vvolume (ÅP3P)
 
5 
 
 
Triclinic 
 
a = 11.4821 (8)  
 
b = 11.5188 (7) 
 
 
c = 20.5405 (15)   
 
 
76.33
 
87.25 
 
119.84 
 
2245.72 
5.5 Triclinic a = 11.4979 (11) b = 11.5177 (15) c = 20.5739 (15) 76.64 87.11  119.82 2255.28
 
5.667 Triclinic a = 11.5036 (11) b = 11.5177 (12) c = 20.5783 (14) 76.59 87.10  119.79 2256.81
 
5.75 Triclinic a = 11.5179 (5) b = 11.5226 (6) c = 20.6063 (1) 76.73 87.32 119.96 2263.53
 
6 Triclinic 
MonoclinicPaP 
MonoclinicPbP 
a = 11.5312 (8) 
a = 12.208 
a =   9.8514 
    
b = 11.5357 (9) 
b = 11.551 
b = 11.5500 
 
c = 20.6179 (11)
c =  16.104 
c =  6.6762 
 
76.79
90 
90 
 
87.30 
91.45 
93.42 
  
119.92 
90 
90 
 
2271.67
2270.17
758.20 
 
6.25 Triclinic a = 11.5362 (12) b = 11.5401 (14) c = 20.6256 (15) 76.78 87.33 119.92 2274.38
 
7 Monoclinic 
MonoclinicPcP  
a =  4.0669 (3)  
a =  4.0646 
 
b =   3.8879 (4) 
b =   3.8786 
 
c =   5.3514 (4) 
c =   3.8786 
         
90 
90 
90.27 
90.55 
    
90 
90 
84.61 
84.44    
 
Note:P aP   Jie and Eysel (1995) 
P
b
P   ICDD card no: 44-175 
P
c
P   ICDD card no: 49-368 / Jie and Eysel (1995) 
 
 
Generally, lattice parameters and volumes of these materials increased with increasing 
Bi content, thus obeying Vegard’s law. The ionic radius of Bi P3+P (0.96 Å) is larger than 
As P5+P (0.335 Å) (Shannon and Prewitt, 1969); Bi-O bond length is thus expected to be 
longer than As-O bond which may lead to an increase in cell parameters of the materials 
with increase of Bi content.  
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Meanwhile, the sample where Bi/As = 6.5 appeared to be a mixture of 6.25:1 and 7:1 
phases. No change in XRD pattern was observed after heat treatment at 900PoPC for 48 
hours.  
 
Bi B7 BAsOB13 Bhas been reported to be refined in monoclinic symmetric with two different 
space groups of I and I2/m by Jie and Eysel (1995) and in ICDD card no: 49-368, 
respectively.  A  transformation  of  the  initial fcc cell of CaFB2 B and δ-BiB2 BOB3 B, which were  
 
observed in Bi B12BAs B2 BOB23 B to a smaller tetragonal I centered cell which was then deformed 
in various ways in Bi B7BAsOB13 B was suggested by the authors (Jie and Eysel, 1995). It is 
thus believed that the reported space groups of I and I2/m are reduced from the space 
groups of I B4B and I4/m, respectively in tetragonal symmetry.  
 
Since both of the space groups reported previously are not available in Chekcell 
refinement program, the refinement was thus performed based on a monoclinic 
symmetry and space group of I2/C. The results show that peaks at 2θ = 2.6 PoP, 27.5Po P and 
56.2 Po P could not be indexed.  
 
The XRD spectrum of Bi B7 BAsOB13 B is shown in Figure 4.19. It was fully indexed in 
monoclinic symmetry with space group of P2B1 B/n using Chekcell refinement program. It 
is postulated that the space group P2B1 B/n is reduced from the space group of P4B2 B/n in 
tetragonal symmetry, as has been suggested by Jie and Eysel (1995) regarding the 
occurrence of cell transformations. Much smaller cell parameters with a ≈ b ≈ 3.9 Å and 
c ≈ 5.5 Å were observed in Bi B7BAsOB13 B compared with the solid solutions of           
xBi B2BOB3 B-As B2 BOB5 B where 5 ≤ x ≤ 6.25.  
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                                          Figure 4.19: XRD spectrum of Bi B7 BAsOB13 
2θ (degree) 
R
el
at
iv
e 
in
te
ns
ity
 (%
) 
_ 
_
_
_ _
_
 111
4.2.2 Density Measurement 
Table 4.11 shows the results of density measurements carried out on the single phase 
materials in  xBi B2 BOB3 B-AsB2 BOB5 B binary system, 5 ≤ x ≤ 7. The confidence level for the results 
could be low since the errors in the measurements are large. 
 
Table 4.11: Densities of xBi B2BOB3 B-As B2 BOB5 B binary system, 5 ≤ x ≤ 7  
 
Bi/As Density (g/cmP3 P) STDEV (g/cmP3 P) Temp ( Po PC)
AVG 
(g/cmP3 P) 
STDEV  
(g/cmP3 P)  
5 8.3244 0.0071 23.2 8.3065 0.0253 
  8.2886 0.0203 23.0    
5.5 8.3387 0.0202 23.2 8.3367 0.0028 
  8.3347 0.0038 23.3    
5.667 8.3641 0.0113 23.2 8.3710 0.0098 
  8.3779 0.0040 24.1    
5.75 8.4347 0.0028 23.2 8.4373 0.0037 
  8.4399 0.0087 23.2    
6 8.4096 0.0079 23.2 8.4250 0.0218 
  8.4404 0.0071 23.4    
6.25 8.4060 0.0054 23.2 8.4201 0.0199 
  8.4342 0.0159 23.4    
7 8.5276 0.0118 23.2 8.5305 0.0040 
  8.5333 0.0082 23.4    
 
Generally, in the xBiB2 BOB3 B-As B2BOB5 B, 5 ≤ x ≤ 7 solid solutions, the density of the materials 
increased with increasing Bi content. This could be explained by using Equation 4.1. 
Since the atomic mass of Bi (208.98) is larger than As (74.92), the density of the 
materials is thus expected to increase with increasing Bi content.  Besides, the 
difference in cell volume was marginal in these materials as it increased only slightly 
with increasing Bi content (Table 4.10). 
 
The density measured in Bi B7BAsOB13 Bwas higher than those in xBi B2BOB3 B-As B2 BOB5 B, 5 ≤ x ≤ 6.25 
solid solutions. This could be explained by the different arrangement of atoms in the 
crystal structures of these two solid solutions.  
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4.2.3 Elemental Determination 
The compositions of the final products in xBiB2 BOB3 B-As B2BOB5 Bbinary system, 5 ≤ x ≤ 7 was 
examined by ICP-AES analysis (Table 4.12). The atomic percent of oxygen present in 
the materials was calculated by difference.  In general, the experimental values agreed 
with theoretical values, thus confirming the compositions of the various phases. 
 
Table 4.12:  Elemental  composition  of  materials  in  xBiB2 BOB3 B-As B2 BOB5 B  binary  system,    
5 ≤ x ≤ 7  
 
 Atomic % 
Sample Element Theoretical  ICP-AES 
Bi B5 BAsOB10 B Bi 31.25 31.52 ± 0.06 
 As  6.25   6.06 ± 0.04 
 O 62.50 62.42 ± 0.02 
Bi B22BAs B4 BOB43 B Bi 31.88 32.17 ± 0.04 
 As  5.80   5.59 ± 0.03 
 O 62.32 62.24 ± 0.01 
Bi B17BAs B3 BOB33 B Bi 32.08 32.31 ± 0.01 
 As  5.66   5.49 ± 0.02 
 O 62.26 62.20 
Bi B23BAs B4 BOB44.5 B Bi 32.17 32.51 ± 0.12 
 As  5.59   5.35 ± 0.08 
 O 62.24 62.14 ± 0.03  
Bi B12BAs B2 BOB23 B Bi 32.43 32.63 ± 0.13 
 As   5.41   5.26 ± 0.01 
 O 62.16 62.10 ± 0.04 
Bi B6.25BAsOB11.875B Bi 32.68 32.94 ± 0.02 
 As  5.23   5.04 ± 0.01 
 O 62.09 62.02 ± 0.01 
Bi B7 BAsOB13 B Bi 33.33 33.79 ± 0.10 
 As  4.76   4.44 ± 0.07 
 O 61.90 61.77 ± 0.03 
 
 
4.2.4 Electrical Properties 
The conductivity of materials with compositions xBi B2 BOB3 B-As B2BOB5 B, 1 ≤ x ≤ 7, has not been 
reported. Conductivity measurements were carried out on single phase materials. 
Conductivity values were extracted from ac impedance data. In general, a broadened 
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semicircle with a low-frequency spike was obtained for temperatures below 400Po PC; the 
spike became more pronounced at higher temperatures. Typical impedance data are 
shown in Figure 4.20 for Bi B23 BAs B4BOB44.5 B; at 300Po PC the associated capacitance of the 
semicircle (Figure 4.20a) has a value of 9.1 x 10P-12 PF cmP-1 P, which is typical of bulk 
component (Irvine et al., 1990). At higher temperatures, the predominant feature is a 
low-frequency spike inclined at ≈70Po Pto the horizontal axis (Figure 4.20b). Its associated 
capacitance of ≈10P-6 PF cmP-1 Pis characteristic of ionic polarization phenomena at the 
blocking electrodes, and a diffusion-limited Warburg impedance, thus supporting the 
idea the conduction was predominantly ionic.  
 
These materials show reproducible conductivity behavior in heating and cooling cycles. 
Figure 4.21 shows Arrhenius plots of xBi B2 BOB3 B-As B2BOB5 B, 5 ≤ x ≤ 7 during the first cooling 
cycle. The conductivity values range from 10P-7 P to 10P-2 P ohmP-1 PcmP-1 Pbetween 200 and 
850 Po PC with an activation energy of approximately 0.75 eV. The Arrhenius plot of YSZ 
is included for comparison.  
 
Table 4.13 lists the conductivity values at 300Po PC and 600 Po PC, and the activation energy 
values for all the samples in xBiB2 BOB3 B-As B2 BOB5 B binary system, 5 ≤ x ≤ 7 and YSZ.  
 
Table 4.13: Conductivity  (σB300B and σ B600B)  and  activation  energy  (EBaB) of xBi B2BOB3 B-As B2 BOB5 B,B  
B                             B5 ≤  x ≤ 7 
 
x                               σB300B x10 P -5P / ohmP-1 PcmP-1                  PσB600B x10P-3P/ ohmP-1 PcmP-1 P                 EBa B(eV) 
 
5                  1.06   1.79      0.76  
5.5          4.54   4.11      0.71 
5.667                 5.10   4.08      0.67  
5.75                  5.66   7.21      0.72  
6                  4.81   7.89      0.76 
7          1.47   6.65      0.89P# P 
YSZ*          2.68   3.53                 ~0.8 
 
Note: # at temperatures < 650PoPC 
* West, 1999 
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                          Figure 4.20: Complex impedance plane plots of Bi B23 BAs B4 BOB44.5B at 
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                    Figure 4.21: Arrhenius plots of xBiB2 BOB3 B-As B2 BOB5 B binary system, 5 ≤ x ≤ 7 
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Generally, at temperatures ≤ 300Po PC, the materials studied in xBiB2 BOB3 B-As B2 BOB5 B binary 
system showed decreasing conductivity in the order: 
                                      5.75 ≈ 5.667 > 6 ≈ 5.5 > 7 > 5 
 
Above 600Po PC, the material of composition 7BiB2 BOB3 B-As B2 BOB5 B has comparable conductivity 
to that of the others. The change in slope could be associated with the different 
mechanism taking place in conduction at higher temperature. Meanwhile, the similar 
activation energy obtained in compositions of x = 5, 5.667, 5.75 and 6 confirms that the 
charge carrier in these materials which have similar crystal structure and size were 
identical (Table 4.10). Similar observation was obtained in the phosphate analogues 
(Figure 4.8 and Table 4.8). 
 
Among the materials studied in Bi B2 BOB3 B-As B2BOB5 B binary system, Bi B23 BAs B4BOB44.5 B has the 
highest conductivity: 5.66 x 10P-5 PohmP-1 P cmP-1 P at 300 Po PC. The conductivity values obtained 
for the materials studied, except for BiB5 BAsOB10 B, are comparable to that of YSZ, which is 
used as the electrolyte in SOFC at present. The activation energies in the system where 
Bi/As = 5.5, 5.75 and 6 are also comparable to that of YSZ, 0.8 eV (Figure 4.21). 
Generally, the materials in bismuth arsenate binary system have higher conductivity 
than those in bismuth phosphate binary system. 
 
Conductivity measurements were also carried out in dry OFN in order to confirm the 
conduction species of the material. Conductivity would vary with oxygen partial 
pressure if the charge carriers were electrons or holes, and not solely oxide ions. Since 
no significant change in conductivity was seen on changing the atmosphere, 
contribution in conductivity by electrons if present, is negligible (Figure 4.22). Similar 
results were obtained for the other materials studied in xBi B2BOB3 B-As B2 BOB5 Bbinary system,      
5 ≤ x ≤ 7. It thus appears that these materials are oxide ion conductors, as have been 
reported for the phosphate analogues (Wignacourt et al., 1993; Watanabe, 1997).  
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                   Figure 4.22: Arrhenius plots of Bi B23BAs B4BOB44.5 B in two different atmospheres 
 
 
 
 118
 
Figure 4.23 shows complex plane plots of BiB23 BAs B4 BOB44.5B at 450 Po PC as a function of the 
applied voltage. Similar to Bi B23BPB4 BOB44.5B (Figure 4.11) B, Bonly the low frequency region, 
below 1000 Hz,  was  affected  by  changing  the amplitude of  the  applied voltage. The  
capacitance values for the response in this low frequency region were close to 10P-6 P F, 
indicating the low frequency regions of the impedance plots were the response of the 
electrolyte/electrode interface (Fonseca et al., 2001). As the conductivity of the material 
was independent of the amplitude of the voltage applied, it further confirms the idea 
that conduction was predominantly ionic. 
 
The electric modulus is proportional to C P-1 P, C being the capacitance. The peak heights 
of the modulus plots (Figure 4.24) were independent of temperature indicating that 
Bi B23BAs B4 BOB44.5 B did not exhibit ferroelectric properties in the temperature range studied in 
the present study. Similar phenomena were observed for the other materials in     
xBi B2BOB3 B-As B2 BOB5 Bbinary system, 5 ≤ x ≤ 7. 
 
 
4.2.5 Thermal Analysis 
Figure 4.25 shows the DTA thermograms of materials in xBiB2 BOB3 B-As B2BOB5 Bbinary system,  
5 ≤ x ≤ 7, at a heating and cooling rate of 10Po PC/min. No phase transition was observed 
for materials of compositions xBiB2 BOB3 B-As B2BOB5 B, 5 ≤ x ≤ 6. BiB22BAs B4 BOB43 B, Bi B23BAs B4 BOB44.5 B and 
Bi B12BAs B2 BOB23 Bmelted congruently at around 1000Po PC. 
 
In Bi B7BAsOB13 B, a reversible phase transition at around 946Po PC in both heating and cooling 
cycles was observed (Figure 4.25e). High temperature XRD is required for the 
determination of the structures of the phases involved.  
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Figure 4.23: Complex plane plots of Bi B23BAs B4 BOB44.5 B at different voltages, 
at 450Po PC. 
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Figure 4.24: Modulus plots of Bi B23BAs B4BOB44.5 B at different temperatures. 
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(a) x = 5, (b) x = 5.5, (c) x = 5.75, (d) x = 6, and (e) x = 7 
D
el
ta
 T
, e
nd
o 
do
w
n 
(Po
P C
) 
Temperature ( PoPC) 
→ heat 
→ heat 
→ heat 
→ heat 
→ heat 
← cool 
← cool 
← cool 
← cool 
← cool 
 122
 
The XRD pattern of BiB7 BAsOB13 B cooled from melt (which was held at ca. 965Po PC for only 
10 minutes) shows that the materials melted incongruently (Figure 4.26) to a possible 
mixture of BiB7BAsOB13 B, δ-Bi B2BOB3 B (ICDD card no: 27-52) and some unidentified phases.   
 
All the materials studied in xBi B2 BOB3 B-As B2 BOB5 Bbinary system, 5 ≤ x ≤ 7 were thermally stable 
since no weight loss was observed in TGA at similar heating rate. 
 
4.2.6 Fourier-transform Infrared (FT-IR) and Raman Spectroscopy 
The IR absorption spectra of xBi B2BOB3 B-As B2 BOB5 B binary system, 5 ≤ x ≤ 7 are shown in  
Figure 4.27. The strong broad absorption at ∼3440 cmP-1 P and a medium absorption band 
at ∼1635 cmP-1 P correspond to the O-H stretching and bending mode, respectively 
(Nakamoto, 1997).  
 
The IR spectra of xBi B2BOB3 B-As B2 BOB5 B binary system, 5 ≤ x ≤ 7 show intense bands at       
~780 cmP-1 P and ~500 cmP-1 P, which were assigned to ν(As-O) type of vibration (Nakamoto, 
1997). At 5 ≤ x ≤ 6, a weak shoulder at ~736 cmP-1 P was observed, which is absent when x 
= 7. This implies that the crystal structure of Bi B7 BAsOB13 Bis different from the other 
materials studied in Bi B2 BOB3 B-As B2BOB5 B binary system. 
 
According to Hooke’s law (Equation 4.5), it is expected that υ would decrease with 
increasing Bi content since the atomic weight of Bi which is 208.98 g/mol is much 
larger than that of As which is 74.92 g/mol. Besides, the ionic radius of BiP3+ Pof 0.96 Å is 
larger than that of As P5+P which is 0.335 Å. Bi-O bond length is thus expected to be 
longer and weaker compared to As-O bond thus resulting in to lower k value which may 
lead to lowering of υ.  
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                                    Figure 4.26: The XRD spectra of BiB7 BAsOB13 B: 
                                                       (a) sintered at 900Po PC, (b) melted at 965Po PC   
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(a) x = 5, (b) x = 5.5, (c) x = 5.667, (d) x = 5.75, (e) x = 6,  
(f) x =7 
Tr
an
sm
itt
an
ce
 
Wavenumber (cmP-1 P) 
 125
Bi B23BAs B4 BOB44.5 B was characterized using Raman spectroscopy (Figure 4.28). The Raman 
spectrum of Bi B23BAs B4 BOB44.5 B showed an intensive band at 336 cmP-1 P, a shoulder at 575 cmP-1 P 
and a strong band at 819 cmP-1 P. Peaks due to moisture effect at 1630 cmP-1 P and 3430 cmP-1P 
were not seen in Raman spectrum. 
 
In the crystal structure of Bi B23BAs B4 BOB44.5 B, As P5+P was expected to be coordinated in 
tetrahedral oxygen environment since BiB23BAs B4 BOB44.5B and Bi B23 BPB4 BOB44.5 B are isostructural. A 
AsOB4 PB3- Ptetrahedral has normal vibrations of AB1,B E, and FB2 B. Of these, only the F B2 B mode is 
IR active. Thus, the mode is expected in the IR spectrum in the far-IR region. 
Meanwhile, three of the normal vibrations of AB1,B E, and FB2 Bare Raman active which 
leads to more peaks being observed in Raman spectrum. The peak that was assigned to 
AsOB4 PB3- Pwas shown at υ of 780 cmP-1 P in IR, but they were Raman active at ~819 cmP-1 P. 
Devalette et al. (1982) reported that the peak corresponding to AsOB4 PB3-P group in sillenite 
materials was observed at υ of 775 cmP-1 P in IR, but it was Raman active at ~790 cmP-1 P. 
 
~
~
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Figure 4.28: (a) IR spectrum and (b) Raman spectrum of BiB23 BAs B4 BOB44.5 B  
 
%
 T
ra
ns
m
itt
an
ce
/ I
nt
en
si
ty
 (a
.u
.) 
Wavenumber (cmP-1 P) 
4000 
 127
4.3       Bi B2 BOB3 B-VB2 BOB5 B Binary System 
4.3.1 Phase Purity 
In the xBiB2 BOB3 B-VB2 BOB5 B binary system, compounds with x ranging from 5 to 7 have been 
prepared (Figure 4.29) via solid state reaction at 850Po PC for 48 hours. The XRD pattern 
obtained for Bi B17 BVB3 BOB33B (x = 5.667) prepared via solid state reactionB Bdisagreed with that 
reported by Pang et al. (1998) which was prepared via hydrothermal method. In the 
present study, the XRD pattern of Bi B17BVB3 BOB33 Bis similar to that of δ-Bi B2BOB3 B with a series of 
weak peaks due to the superstructure based on a fluorite subcell. It could be fully 
indexed in triclinic symmetry with space group of P-1. However, Bi B17BVB3 BOB33 Bwas B 
Breported to have tetragonal symmetry and it was a metastable phase which could not be 
prepared by a high temperature solid state reaction (Pang et al., 1998).  
 
The XRD spectrum of BiB23BVB4 BOB44.5 B (x = 5.75) is shown in Figure 4.30. This pattern 
agrees with those reported in the literature (Watanabe, 1997; Watanabe and Kitami, 
1998) as well as that of the ICDD card number 47-733. The XRD pattern could be fully 
indexed in triclinic symmetry with space group of P-1. The values of the cell 
parameters were refined to be a = 11.5426 (4) Å, b = 11.5492 (3) Å, c = 20.6682 (5) Å, 
α = 76.29PoP, β = 87.50Po P and γ =119.83Po P with space group of P-1 using Chekcell 
refinement program. These values agreed with those reported by Watanabe (1997)P Pwho 
calculated the cell parameters of BiB23BVB4 BOB44.5 B based on preliminary lattice parameters of 
Bi B23BPB4 BOB44.5 B. 
 
Watanabe (ICDD card no: 47-733) suggested that BiB23BVB4 BOB44.5 Bcould also be indexed in 
monoclinic symmetry (a = 24.145 Å, b = 11.577 Å, c = 19.990 Å, β = 111.28PoP) with 
space group of P2B1 B. However, the peak at 2 θ = 9.23Po P in Bi B23 BVB4 BOB44.5 Bcould not be 
indexed when it was refined in monoclinic symmetry using the cell parameters reported 
in ICDD as starting values.  
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            Figure 4.29: XRD patterns of xBi B2 BOB3 B-VB2 BOB5 B binary system: 
                                (a) x = 5, (b) x = 5.5, (c) x = 5.667, (d) x = 5.75, (e) x = 6, (f) x = 7  
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                                                 Figure 4.30: XRD pattern of Bi B23BVB4 BOB44.5 
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On the other hand, Khasida and Hori (1996) reported that Bi B23BVB4 BOB44.5 Bcrystallized in 
monoclinic symmetry. The authors commented that the pseudo monoclinic cell is 
related to the fluorite subcell as a ≈ 3/2[1, 1, 2], b ≈ 3/2[1, 1, 0], and c ≈ ½[5, 5, 2], and 
the real crystal symmetry is P-1. However, the peaks at 2θ = 10.4Po P and 25.1PoP in 
Bi B23BVB4 BOB44.5 Bcould not be indexed when the refinement was performed using cell 
parameters reported. Thus, we conclude that BiB23BVB4 BOB44.5 Bhas a triclinic symmetry with 
space group P-1.  
 
The XRD pattern of Bi B23 BVB4 BOB44.5 B (Figure 4.30) is similar to that of BiB12 BVB2 BOB23 B reported by 
Zhou (1988). The author proposed six kinds of triclinic lattice parameters on the basis 
of electron diffraction in his later work (Zhou, 1990). The formation of the triclinic 
phase in BiB23 BVB4 BOB44.5 B might be due to the ordering of Bi and V atoms (Watanabe, 1997). 
 
The XRD pattern of Bi B23BVB4 BOB44.5 B is similar to that of BiB23BPB4 BOB44.5 B (Figure 4.3) and 
Bi B23BAs B4 BOB44.5 B (Figure 4.18). This implies that Bi B23BVB4 BOB44.5 B, Bi B23BPB4 BOB44.5 BandB B i B23BAs B4 BOB44.5 
Bcould be isostructural. They are all fully indexed in triclinic symmetry with space group 
P-1.  
 
In order to investigate the effect of mechanical activation on conductivity performance, 
Bi B23BVB4 BOB44.5 B was prepared via ball mill mixing in addition to manual mixing. For ball 
milled sample, similar to that prepared via manual mixing, single phase material of 
Bi B23BVB4 BOB44.5 B was obtained only after heating treatment at 850Po PC for 48 hours. The Bragg 
peaks of the ball milled sample have larger width which could be due to the smaller 
crystalline size (Figure 4.31).  
 
Compositions with Bi B2BOB3 B:VB2 BOB5 B ratios of 5:1 to 6:1 appeared to be solid solutions 
(Figure 4.29). Among these, Bi B5 BVOB10 B and BiB22BVB4 BOB43 Bare new compounds in Bi B2 BOB3 B-VB2BOB5B 
binary system. They have similar XRD patterns with a shift in 2θ at ∼28.2 PoP. It was 
expected that increasing Bi content could change atomic arrangement in the structure 
which would result in a shift in d-spacing (West, 1999).  
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                             Figure 4.31: XRD patterns of Bi B23BVB4 BOB44.5 B prepared via: 
                                                 (a) manual mixing, (b) ball mill mixing 
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The cell parameters of materials in xBi B2 BOB3 B-VB2 BOB5 B binary system, 5 ≤ x ≤ 7 were 
determined by XRD analysis over 2θ range of 10 to 60Po P (Table 4.14). The refinements 
were performed using the lattice parameters of Bi B23 BVB4 BOB44.5 B (x = 5.75) reported by 
Watanabe (1997) or in ICDD  card no: 47-733  as  starting parameters. The results show 
that  these  materials  were  successfully  refined  in triclinic symmetry with space group  
P-1.  
 
Table 4.14: The lattice parameters of xBi B2BOB3 B-VB2 BOB5 B, 5 ≤ x ≤ 7 solid solutions from X-ray 
                    diffraction data 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
α ( Pο P) β ( PοP ) γ ( Pο P) Unit-cell 
volume 
(ÅP3 P) 
5 
 
Triclinic a = 11.5322 (4) b = 11.5425 (5) c = 20.6631 (7) 76.33
 
87.39 119.75 
 
2276.70
5.5 
 
Triclinic a = 11.5354 (6) b = 11.5469 (4) c = 20.6630 (7) 76.31
 
87.38 
 
119.76 2277.42
 
5.66
7 
 
 
Triclinic 
TetragonalPa 
 
a = 11.5402 (5)
a = 12.27 
 
b = 11.5473 (6)
b = 12.27 
 
c = 20.6653 (7)
c = 11.04 
 
76.32
90 
 
87.39 
90 
 
119.78 
90 
 
2278.56
1662.10
 
5.75 Triclinic 
MonoclinicPb 
TriclinicPc 
 
a = 11.5426 (4)
a = 20.023 
a = 11.545 
 
b = 11.5492 (3)
b = 11.668 
b = 11.547 
 
c = 20.6682 (5)
c = 20.472 
c = 20.665 
 
76.29
90 
76.27
 
87.50 
107.13 
87.51 
 
119.83 
90 
119.82 
 
2279.04
4570.67
2278.70
 
6 Triclinic 
MonoclinicPdP 
 
a = 11.5421 (5)
a = 12.193 
 
b = 11.5501(6)
b = 11.579 
 
c = 20.6695 (3)
c = 16.163 
 
76.31
90 
 
87.42 
91.13 
 
119.84 
90 
 
2294.40
2281.34
 
7 
 
Monoclinic 
MonoclinicPe P 
a = 4.0613 (3) 
a = 3.987 
 
b = 3.8947 (4)
b = 3.925 
 
c = 5.3680 (4) 
c = 5.436 
 
90 
90 
 
90.28 
90.82 
 
90 
90 
 
84.91 
85.06 
 
Note: Pa    P ang et al., 1998 
P
b  
P Khasida and Hori, 1996 
P
c    
PWatanabe, 1997 
P
d    
PICDD card no: 44-174 
P
e     
PICDD card no: 44-322/ Jie and Eysel, 1995 
 
 
Depending on the cation arrangement, phases in xBiB2BOB3 B-VB2 BOB5 B system could be 
subdivided into two groups: type I where all VP5+P cations were separated by at least one 
Bi P3+P cation, and type II where ordering of VP5+P cations into distinct structural groups 
occurred (Zhou, 1988 & 1990). Accordingly, V cations were coordinated by four 
oxygen atoms. The VOB4 B units were usually arranged into VB4BOB10 B tetrahedral units and the 
formation of larger units was impossible, since V cations shared by two VB4 BOB10 B 
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tetrahedral units would require six coordinated oxygen. The VB4 BOB10 Btetrahedral clusters 
lied on only one of the (111) planes of the δ-Bi B2 BOB3 B fluorite lattice. For compositions of 
5 ≤ x ≤ 6, vanadium cations existed in the form of VB4 BOB10 B tetrahedral clusters within the 
δ-Bi B2 BOB3 B lattice. These clusters were ordered, but their arrangement was variable so that 
many triclinic superstructures existed. Accordingly, these compounds have structure 
types designated as types IIa-IIc (Zhou, 1990; Hardcastle et al., 1991).  
 
The XRD spectrum of Bi B7 BVOB13 B is shown in Figure 4.32. This pattern is different from 
those of 5 ≤ x ≤ 6 solid solutions, indicating that Bi B7 BVOB13 Bhad different crystal structure. 
Bi B7 BVOB13 B has been reported to beB Brefined in monoclinic symmetry with space group of I 
(Jie and Eysel, 1995). In this study, Bi B7 BVOB13 Bwas fully indexed in monoclinic symmetry 
with space group of P2B1 B/n. Its XRD pattern is similar to that of Bi B7 BAsOB13 B (Figure 4.19), 
indicating Bi B7BVOB13 BandB B i B7 BAsOB13 Bcould be isostructural.  These results contradict the 
report of Blinovskov and Fotiev (1987), who claimed that Bi B12BVB2 BOB23 B and Bi B7BVOB13 Bhad 
similar XRD patterns.  
 
As  in  the  case  of  BiB7 BAsOB13,  Bmuch  smaller cell  parameters  with  a ≈ b ≈ 3.9 Å  and  
c ≈ 5.5 Å were observed in BiB7BVOB13 B compared to those of in xBiB2 BOB3 B-VB2 BOB5 B, 5 ≤ x ≤ 6 
solid solutions. Jie and Eysel (1995) reported that the crystal structures of both 
Bi B12BVB2 BOB23 B and Bi B7 BVOB13 Bprobably contained square BiB2 BOB2 B layers (Figure 2.5). These 
layers could be connected by layers of isolated tetrahedral VOB4 B groups. The Bi B2BOB2 B layer 
may be derived from the cubic cells of CaFB2 B and δ-Bi B2 BOB3 B with a ≈ 5.5 Å. The fcc cell of 
CaFB2 B and δ-Bi B2 BOB3 B, which were observed in Bi B12BVB2 BOB23 B was transformed to a smaller 
tetragonal I centered cell which was then deformed in various ways in Bi B7BVOB13 B (Jie and 
Eysel, 1995).  
 
Generally, lattice parameters and volumes of the materials in xBi B2BOB3 B-VB2 BOB5 B, 5 ≤ x ≤ 6 
increased with the increase of Bi content, thus obeying Vegard’s law (Table 4.14). The 
ionic radius of Bi P3+P (0.96 Å) is larger than VP5+P (0.355 Å) (Shannon and Prewitt, 1969), 
it was thus expected that substitution of Bi into V site would result in an increase of the 
cell constant. 
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                                          Figure 4.32: XRD spectrum of Bi B7 BVOB13 
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4.3.2 Density Measurement 
Table 4.15 shows the results of density measurements performed on the single phase 
materials in xBi B2 BOB3 B-VB2BOB5 B binary system, 5 ≤ x ≤ 7, including a ball milled sample of 
Bi B23BVB4 BOB44.5 B. Generally, the results show that the density of the materials increased with 
increasing Bi content. From the relationship between the bulk crystal density, formula 
weight and cell volume, the density of the materials is expected to increase with 
increasing Bi content since atomic mass of Bi (208.98) is much larger than V (50.94).  
On the other hand, the contribution from cell volume towards the variation in density 
was marginal in these materials as it increased slightly with increasing Bi content 
(Table 4.14). 
 
Table 4.15: Densities of xBi B2BOB3 B-VB2 BOB5 B binary system, 5 ≤ x ≤ 7  
Bi/V Density (g/cmP3 P)
STDEV  
(g/cmP3 P) Temp ( Po PC)
AVG 
(g/cmP3 P) 
STDEV  
(g/cmP3 P) 
5 8.1789 0.0089 23.2 8.1868 0.0111 
  8.1946 0.0203 24.1     
5.5 8.1832 0.0202 23.2 8.1943 0.0156 
  8.2053 0.0156 24.1     
5.667 8.2026 0.0113 23.2 8.1984 0.0059 
  8.1942 0.023 24.1     
5.75 8.2010 0.0128 23.2 8.1917 0.0132 
  8.1824 0.0097 24.2     
5.75-bm 8.2709 0.0252 23.2 8.2694 0.0022 
  8.2678 0.0023 24.3     
6 8.2364 0.0079 23.2 8.2308 0.0079 
  8.2252 0.0071 24.3     
7 8.3606 0.0054 23.2 8.3575 0.0044 
  8.3544 0.0159 24.3     
Note: bm - ball milled 
 
The density measured in Bi B7 BVOB13 Bwas higher than those of xBi B2 BOB3 B-VB2BOB5 B, 5 ≤ x ≤ 6 solid 
solutions. Similar observations have been made in phosphate and arsenate analogues. 
Bi B23BVB4 BOB44.5 Bprepared via ball mill mixing has a higher density of 8.2694 g/cmP3 P 
compared to that obtained for the material prepared via manual mixing which was 
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8.1917 g/cmP3 P. This indicates that a denser material could be obtained by ball mill 
mixing. The density observed agreed well with that reported (Watanabe, 1997/ ICDD 
card no: 47-733). Based on Equation 4.5, the density of Bi B23BVB4 BOB44.5 B was calculated 
using the cell volume obtained in XRD data (Table 4.14). The calculated density of 8.34 
g/cmP3 P agreed well with that reported previously (8.303 g/cmP3 P) by Watanabe (1997). 
 
4.3.3 Elemental Determination 
The composition of the final products in xBiB2BOB3 B-VB2 BOB5 B binary system, 5 ≤ x ≤ 7 was 
examined by ICP-AES analysis (Table 4.16). The atomic percent of oxygen present in 
the materials was calculated by difference.  Reasonable agreement was obtained 
between theoretical and experimental compositions, thus conforming the chemical 
formulae of the materials synthesized.  
 
Table  4.16:  Elemental  composition  of  materials  in  xBiB2 BOB3 B-VB2BOB5 B  binary  system,     
5 ≤ x ≤ 7  
 Atomic % 
Sample Element Theoretical ICP-AES 
Bi B5 BVOB10 B Bi 31.25 32.56 ± 0.04 
 V  6.25   6.16 ± 0.05 
 O 62.50 61.28 ± 0.02 
Bi B22BVB4 BOB43 B Bi 31.88 32.21± 0.05 
 V   5.80  5.65 ± 0.04 
 O 62.32              62.14 ± 0.02 
Bi B17BVB3 BOB33 B Bi 32.08 32.23 ± 0.06 
 V   5.66   5.52 ± 0.02 
            O 62.26 62.25 ± 0.02 
Bi B23BVB4 BOB44.5 B Bi 32.17 32.43 ± 0.07 
 V   5.59   5.44 ± 0.05 
             O 62.24 62.13 ± 0.05 
Bi B12BVB2 BOB23 B Bi 32.43 32.59 ± 0.10 
 V   5.41   5.30 ± 0.02 
             O 62.16 62.11 ± 0.03 
Bi B7 BVOB13 B Bi 33.33 33.68 ± 0.13 
 V   4.76   4.63 ± 0.07 
             O 61.91 61.69 ± 0.04 
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4.3.4 Electrical Properties 
Conductivity measurements were carried out on single phase materials in the       
xBi B2BOB3 B-VB2 BOB5 B binary system, 5 ≤ x ≤ 7. Conductivity values of the materials were 
extracted from complex plane plots.  
 
In the first heating cycle, BiB23BVB4 BOB44.5 Bshows two overlapping arcs at low temperature 
(200 PoPC) with associated capacitances (calculated from ωRC = 1 at Z” Bmax B) of around 4.76 
x 10 P-11 P F cmP-1 P and 1.86 x 10 P-8 P F cmP-1 Pwhich may be attributed to the bulk and grain 
boundary effects, respectively (Figure 4.33a) (Sinclair et al., 2000). The value of 4.76 x 
10P-11 P F cmP-1 P is higher than the value normally expected for bulk component but it may 
be typical of ferroelectric material. The relative permittivity, ε’ for Bi B23BVB4 BOB44.5 B was 
determined to be ~154 in the temperature range studied and was higher than that 
normally found in typical inorganic solid ionics (5 to 10). This may explain the larger 
capacitance value found for this material as C = ε’eBo BA/l (Equation 3.25). 
 
As temperature increased, the size of the grain boundary arc decreased relative to that of 
the bulk with increasing temperature (Figure 4.33b).  
 
In cooling cycle, a broadened semicircle with a capacitance of 1.33 x 10P-11 PF cmP-1 P was 
seen at 200Po PC (Figure 4.34a). At 300 Po PC in both the heating and cooling cycles, in 
addition to the semicircle, a low-frequency spike inclined at ≈ 60-65 Po Pto the horizontal 
axis (Figures 4.33b and 4.34b) with an associated capacitance of ~10P-7 PF cmP-1 Pcould be 
seen clearly. This spike became the predominant feature at higher temperatures. At 
800 Po PC  the  spike  collapsed  to  form  a  semi-circular  arc (Figure 4.34c) indicating that 
oxygen diffusion was through a layer of finite thickness (Irvine et al., 1990). It was thus 
concluded that the conducting species are predominantly oxide ions. Besides, Watanabe 
(1997) reported that BiB23BVB4 BOB44.5 B had OP2-P transport number of close to unity above 600 Po PC. 
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                          Figure 4.33: Complex plane plot of Bi B23 BVB4 BOB44.5 B at  
                                              (a) 200Po PC, (b) 300PoPC in first heat cycle 
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For BiB7 BVOB13 B, a broadened semicircle with a capacitance of 9.45 x 10P-12 PF cmP-1 P and a low 
frequency spike was seen at low temperatures (Figure 4.35a). The spike became the 
predominant feature at high temperatures (Figure 4.35b). Similar observation was 
obtained in other materials in xBiB2 BOB3 B-VB2BOB5 Bbinary system, 5 ≤ x ≤ 7. 
 
The conduction of materials in BiB2BOB3 B-VB2 BOB5 B binary system could be attributed to motion 
of oxygen vacancies which were generated during sintering of the materials as 
suggested by Ezhilvalavan et al. (2002). It is postulated oxygen vacancies were created 
in the presence of vanadium ions in their lower valence state (VP4+P), i.e. one oxygen 
vacancy is created for every two tetravalent V ions entering the crystal structure 
replacing VP5+P in order to keep the charge neutrality and this reaction can be described 
using Kröger-Vink notation as 
                          2VP5+P  +   OBOPBx P   ⇒    2V P4+P  + VBOPB˙˙    P+   ½ OB2 B                                      (4.6) 
 
where VP5+ Pis the vanadium ion, O BOPBx Pthe oxygen ion in oxygen site and VBOPB
˙˙ 
Pthe oxygen 
vacancy with two effective positive charges (Ezhilvalavan et al., 2002).  
 
Particle size analysis revealed that fine-grained (mean = 4.73 µm) powders with more 
uniform grain-size distribution were obtained via ball milling process (Table 4.17).  
 
 
Table 4.17: Particle size of BiB23 BVB4 BOB44.5 Bprepared via solid state reaction with manual 
mixing and ball mill (bm) mixing 
 
Sample        d(v, 0.5)/µm        Span  Uniformity   SSA/mP2 P gP-1 P 
 
Bi B23BVB4 BOB44.5   B14.08 27.74 5.847 0.8456 
 
Bi B23BVB4 BOB44.5 B- bm         4.73          106.30       50.86      1.8048 
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                                       Figure 4.35: Complex plane plot of Bi B7 BVOB13 B at  
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Figure 4.36 shows typical micrographs of samples prepared via solid state reaction and 
ball milling. It appears that the samples prepared by ball milling are dense with low 
intergranular porosity (Figure 4.36b). However, there was no significant difference in 
the grain size of these samples. 
  
The capacitance and the relative permittivity at Z”Bmax Bof Bi B23 BVB4 BOB44.5 Bprepared via 
different methods is shown in Table 4.18. The relative permittivity data were corrected 
for the stray capacitance of the open jig. The results show that the relative permittivity 
at Z” Bmax Bof Bi B23 BVB4 BOB44.5 B increased with increasing temperature; this material thus 
appeared to exhibit ferroelectric properties in the temperature range studied. However, 
no curie transition was observed in LCR analysis in the temperature range of 50–850Po PC 
(Figure 4.37). Scott (1993) stated that it was not necessary for ferroelectrics to have a 
phase transition to a paraelectric phase since many ferroelectrics remain ferroelectrics 
up to their melting point or decomposition temperatures.  
 
 
Table 4.18:  Capacitance  and  the  relative permittivity  at  Z”Bmax  Bof Bi B23 BVB4 BOB44.5  Btaken   
                    in the 1Pst P cooling cycle 
 
Sample                       Temp (PoPC)          Capacitance at Z”Bmax B,             Relative permittivity,  
                               CBmax B (pF cmP-1 P)                  ε’ = 1/2M"Bmax B  
Bi B23BVB4 BOB44.5 B                     200                   0.12                       100.74              
                                       250                      0.12                                   113.06              
             300                      0.12                       115.89              
                                       350                      0.11                                   117.62                          
Bi B23BVB4 BOB44.5 B– bm            200                      0.13                       126.53              
                                       250                      0.15                                             139.43             
             300                      0.15                       143.43              
                                       350                      0.15                                   145.22                           
Note: bm – ball milled 
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            Figure 4.36: Scanning electron micrographs of Bi B23 BVB4 BOB44.5B prepared via  
                                (a) manual mixing, (b) ball mill mixing 
 
(a) 
(b) 
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The dielectric constants (ε’) of the ball milled samples are higher than those prepared by 
manual grinding. Ball milling may result in a reduction in residual stress in the sample, 
and thus lead to an increase in dielectric constants as reported by Shantha and Varma 
(1999) in the study of Bi B4 BVB2 BOB11B. The dielectric constants at room temperature of fine 
grained BiB4BVB2 BOB11 B(190) was higher than that of coarse-grained Bi B4 BVB2 BOB11 Bwhich was 130.  
 
On the other hand, a change of chemical composition could be a possible explanation. 
The color of the samples changed from yellow to yellowish brown after ball milling, 
indicating there might be a change in the valence state of constituent ions. Partial 
conversion of V P5+P to VP4+P during ball milling process has been reported (Shantha and 
Varma, 1999), which led to creation of oxygen vacancies to maintain electroneutrality.  
 
A low temperature ac impedance analysis has been carried out on Bi B23BVB4 BOB44.5 Bin the 
temperature range of 130 Po PC to 230 Po PC using Solartron impedance analyzer. Impedance 
analysis showed that the existence of grain boundary effect in Bi B23BVB4 BOB44.5 Bcould not be 
eliminated in denser material prepared via ball milling process. It was always observed 
in both manually mixed and ball milled sample in heat and cool cycles when the 
conductivity measurement was carried out at 140Po PC–300Po PC.   
 
The data of the total conductivity, σBTB were used to plot the Arrhenius plot (Figure 4.38). 
Similarly, curvature was seen clearly at ∼180PoPC which could correspond to a low 
temperature phase transition, which has not been reported earlier. 
 
The occurrence of the low temperature phase transition in Bi B23 BVB4 BOB44.5 B was further 
evidenced with a significant curvature at ~180Po PC in CBp B vs temperature plot (Figure 4.37). 
The nature of this phase transition is not clear. This phase transition is also observed in 
Bi B17BVB3 BOB33 B, but it is not observed in other materials in xBiB2 BOB3 B-VB2 BOB5 Bbinary system, 5 ≤ x 
≤ 7. 
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Figure 4.38: Arrhenius plots of Bi B23BVB4 BOB44.5B (manually mixed) at low temperature 
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Figure 4.39 shows the Arrhenius plots of the Bi B23BVB4 BOB44.5 Bin the temperature range of 
200Po PC to 850 Po PC using Hewlett-Packard Impedance Analyzer HP 4192A. All the 
materials were prepared at 850Po PC for 48 hours and sintered at 850PoPC overnight prior to 
conductivity measurements.  The conductivity values of the ball milled sample were 
slightly higher than those of the manually mixed sample, which are 1.70 x 10 P-4 P ohmP-1 P 
cmP-1 P and 1.34 x 10 P-4 P ohmP-1 P cmP-1 P at 300 Po PC, respectively.  
 
The other materials in xBiB2 BOB3 B-VB2 BOB5 Bbinary system, 5 ≤ x ≤ 7 also show reproducible 
conductivity behavior in heating and cooling cycles. Figure 4.40 shows the Arrhenius 
plots of BiB2 BOB3 B-VB2 BOB5 B binary system during the first cooling cycle. The conductivity 
values range from 10P-7 P to 10P-2 P ohmP-1 PcmP-1 Pbetween 200 and 850PoPC with an activation 
energy of approximately 0.70 eV. Among the manually mixed materials studied, 
Bi B23BVB4 BOB44.5 B has the highest conductivity: 1.34 x 10P-4 P ohmP-1 P cmP-1 P at 300 Po PC, which is in 
agreement with the value reported previously (Watanabe, 1997).  Table 4.19 lists the 
conductivity values at 300Po PC and 600 Po PC, and the activation energy values for all the 
samples in xBi B2 BOB3 B-VB2BOB5 Bbinary system, 5 ≤ x ≤ 7. The conductivity values of YSZ are 
included for comparison. At 300Po PC, in general, conductivity of the materials studied 
decreased in the order of: 
                                             5.75 > 6 > 5.667 ~ 5.5 > 7 > 5 
 
Materials in Bi B2 BOB3 B-VB2 BOB5 B system have been reported as structurally related to CaFB2 B and 
δ-Bi B2 BOB3 B (Zhou, 1988; Zhou, 1990; Hardcastle et al., 1991; Kashida et al., 1994; Jie and 
Eysel, 1995; Pang et al., 1998; Watanabe, 2001). Takahashi et al. (1977) and Takahashi 
and Iwahara (1978) stated that the fcc phase present in Bi B2BOB3 B-VB2 BOB5 B system was a good 
oxide ion conductor. The oxide ion conductivity of this phase, however, decreased with 
increasing content of V.  
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Figure 4.39: Arrhenius plots of Bi B23BVB4 BOB44.5B at high temperature 
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                    Figure 4.40: Arrhenius plots of xBiB2 BOB3 B-VB2 BOB5 Bbinary system, 5 ≤ x ≤ 7  
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Table 4.19: Conductivity (σB300B and σB600B) and activation energy (EBaB) of xBi B2 BOB3 B-VB2 BOB5 B 
binary system,B B5 ≤  x ≤ 7  
 
x                              σB300B x10 P -5P / ohmP-1 PcmP-1                   PσB600B x10P-3P/ ohmP-1 PcmP-1 P                E Ba B(eV) 
 
5          2.04   5.50     0.80 
 
5.5                  5.26   5.55     0.69  
 
5.667          5.61   3.45     0.63 
           
5.75                13.37                10.31     0.65  
          
6                  9.65             10.52     0.70  
          
7                  4.44                  20.20                 0.89P# 
 
YSZ*          2.68   3.53                ~0.8 
 
Note: *  West, 1999 
#  at temperature < 650Po PC 
 
 
The results show that Bi B7BVOB13 Bhave the lowest conductivity at low temperature, but the 
highest conductivity at temperature above 550 PoPC (Figure 4.40). The Arrhenius plot of 
Bi B7 BVOB13 B is not linear, but shows a slight curvature. The activation energy was lower at 
higher temperature giving values of 0.87 eV and 0.50 eV below 600Po PC and above 650Po PC, 
respectively. A marked difference in EBaB of this material from the other materials was 
observed. This implies that the conduction mechanism could be different in these 
materials.  
  
The conductivity values obtained for the BiB2 BOB3 B-VB2 BOB5 B binary system are comparable to 
that of YSZ. The activation energies in the system where Bi/V = 5.5, 5.667, 5.75 and 6 
are lower than that of YSZ, 0.8 eV (Table 4.19). 
 
Conductivity measurements were carried out in dry OFN in order to confirm the 
conduction species of the material. Since no significant change in conductivity was seen 
on changing the atmosphere (Figure 4.41), contribution by electrons if present, is 
negligible. Similar results were obtained for the other materials studied in xBi B2 BOB3 B-VB2 BOB5 
Bbinary system, 5 ≤ x ≤ 7.  
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Figure 4.41: Arrhenius plots of Bi B23BVB4 BOB44.5B in two different atmospheres 
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An isothermal conductivity plot of the material in different environments is shown in 
Figure 4.42. The material was not atmosphere-sensitive since no significant change in 
conductivity was observed. 
 
Figure 4.43 shows complex plane plots of BiB23 BVB4 BOB44.5 B at 500Po PC as a function of the 
applied voltage. Only the low frequency region, below 100 Hz, was affected by 
changing the amplitude of the applied voltage. The capacitance values for the response 
in this low frequency region were close to 10P-6 P F. This indicates that the low frequency 
regions of the impedance plots were the response of the electrolyte/electrode interface 
(Fonseca et al., 2001). The conductivity of the material was independent of the 
amplitude of the voltages applied, supporting the earlier observation that the conduction 
was predominantly ionic. 
                   
The impedance data of BiB23 BVB4 BOB44.5B at selected temperatures were plotted as 
spectroscopic plots of the complex electric modulus, M” against frequency (Figure 
4.44). Single peaks were observed and they represent the bulk capacitances of the 
sample at different temperatures. The peak heights of the modulus plots were dependent 
on temperature. Thus, Bi B23BVB4 BOB44.5 B appears to exhibit ferroelectric properties within the 
temperature range under study.  
 
The peak heights of the modulus plots of BiB7 BVOB13B at various temperatures did not vary 
with the temperature as shown in Figure 4.45. Thus, BiB7BVOB13 B does not exhibit 
ferroelectric properties within the temperature range under study. Similar observations 
was obtained in other materials in the xBiB2 BOB3 B-VB2 BOB5 Bbinary system, 5 ≤ x ≤ 6, except at   
x = 5.75.  
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                    Figure 4.42: Isothermal conductivity at 300Po PC of Bi B23BVB4 BOB44.5 B in different  
                                         atmospheres 
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Figure 4.43: Complex plane plots of Bi B23BVB4 BOB44.5 B at different voltages, 
                     at 450Po PC 
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              Figure 4.44: Modulus plots of Bi B23 BVB4 BOB44.5 B 
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              Figure 4.45: Modulus plots of Bi B7 BVOB13 B 
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4.3.5 Thermal Analysis 
Figure 4.46 shows the DTA thermograms of the materials in xBi B2BOB3 B-VB2 BOB5 Bbinary system, 
5 ≤ x ≤ 7, at a heating and cooling rate of 10Po PC/min. A reversible phase transition was 
seen in the DTA thermogram of Bi B23 BVB4 BOB44.5 Bat around 180Po PC.  Arrhenius plot of 
Bi B23BVB4 BOB44.5 B clearly showed curvature at ∼180Po PC (Figure 4.38).  Thus the thermal event 
observed in DTA appears to correspond to an order-disorder type of transition, which is 
manifested in the change in the electrical properties of Bi B23BVB4 BOB44.5.B This transition was 
also observed in DSC study. 
 
Similarly, Bi B17BVB3 BOB33 Bshows a low temperature phase transition at around 170Po PC, slightly 
lower than that of BiB23BVB4 BOB44.5.B However, this phase transition is absent in other 
materials in xBi B2BOB3 B-VB2 BOB5 Bbinary system, 5 ≤ x ≤ 6 where formation of solid solutions 
was observed as discussed previously.  
 
All of the materials in xBiB2 BOB3 B-VB2 BOB5 Bbinary system, 5 ≤ x ≤ 6 melted congruently at 
around 950Po PC. Watanabe (1997) reported that BiB23BVB4 BOB44.5 B melted congruently at 950Po PC 
without polymorphic transformation. No phase transition was seen in Bi B7BVOB13 B up to its 
melting point at 930Po PC.  
 
 
4.3.6 Fourier-transform Infrared (FT-IR)  
The IR absorption spectra of xBi B2 BOB3 B-VB2 BOB5 B binary system, 5.75 ≤ x ≤ 7 were recorded 
(Figure 4.47). The strong broad absorption at ∼3440 cmP-1 P and a medium absorption 
band at ∼1635 cmP-1 P correspond to the O-H stretching and bending mode, respectively 
(Nakamoto, 1997). The presence of the medium multi-component absorption band at 
1630 cmP-1 P is a strong indication of the presence of hydrated water which may have been 
absorbed by the sample support or window material, KBr since KBr was known to be 
very hygroscopic. 
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          Figure 4.46: DTA thermograms of xBi B2 BOB3 B-VB2 BOB5 B binary system:  
(a) = 5, (b) x = 5.5, (c) x = 5.667, (d) x = 5.75,  (e) x = 6 and (f) x = 7  
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The  IR  spectra of  xBi B2BOB3 B-VB2 BOB5 B binary system, 5.75 ≤ x ≤ 7 show intense bands at 
~770 cmP-1 P and ~442 cmP-1 P, which were assigned to ν(V-O) types of vibration (Gadsden, 
1975). In Bi B23BVB4 BOB44.5 B and Bi B12 BVB2 BOB23 B, a weak shoulder at ~740 cmP-1 P was observed, which 
was absent in Bi B7 BVOB13 B.  
 
The atomic weight of Bi at 208.98 g/mol is much larger than that of V which is 50.94 
g/mol. Thus it is expected that υ would decrease with increasing Bi content. Moreover, 
the ionic radius of Bi P3+ Pof 0.96 Å is larger than that of VP5+P which is 0.355 Å. Bi-O bond 
length is thus expected to be longer and weaker compared to V-O bond and bringing to 
lower k value which may lead to lowering of υ.  
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Figure 4.47: IR spectra of xBi B2 BOB3 B-VB2 BOB5 Bbinary system, 5.75 ≤ x ≤ 7: 
                    (a) x = 5.75, (b) x = 6, (c) x = 7 
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4.4   xBi B2 BOB3 B : (P/As/V) B2BO B5B Solid Solutions, x = 5.5, 5.75, 6, 7 
4.4.1   Formation of Solid Solutions 
The formation and crystal structures of solid solutions in 5.5Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V 
system have not been reported. As discussed previously in Sections 4.1– 4.3, BiB22 BPB4 BOB43 B, 
Bi B22BAs B4 BOB43 B and Bi B22BVB4 BOB43B have similar XRD patterns with those in the 5.75BiB2 BOB3 B-MB2 BOB5 B 
and 6Bi B2BOB3 B-M B2BOB5 B systems. Thus, these materials are single phase and isostructural.  
 
A complete solid solution series was obtained in BiB22 BPB4 BOB43B-Bi B22BAs B4 BOB43 B (Figure 4.48), 
Bi B22BPB4 BOB43 B-Bi B22BVB4 BOB43 B(Figure 4.49)B Band Bi B22BAs B4 BOB43B-Bi B22BVB4 BOB43 B(Figure 4.50) systems.  
 
In both Bi B22 BPB4 BOB43 B-BiB22 BAs B4BOB43 Bsolid solutions and Bi B22BPB4 BOB43B-Bi B22BVB4 BOB43 B solid solutions, aB 
Bshift in 2θ at ∼27.8Po P, ∼33.5Po P, ∼45.2Po P and ∼46.3PoP was observed.  Besides, the doublet at  
2θ ∼47.2Po P in Bi B22BAs B4 BOB43 B and BiB22BVB4 BOB43 Bseparated well into two peaks in BiB22 BPB4 BOB43. BIt 
was expected that the substitution of As and V in Bi B22 BPB4 BOB43B would result in a shift in d-
spacing (West, 1999) since PP5+P has smaller ionic radius compared with VP5+ Pand As P5+P.  
 
On the other hand, no obvious shift in 2θ was observed in the substitution of As by V in 
Bi B22BAs B4 BOB43 B (Figure 4.50) as the ionic radii of AsP5+P and VP5+P are very similar. Similar 
observations were obtained in 5.75Bi B2 BOB3 B-MB2 BOB5 Band 6Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V ternary 
solid solutions.  
 
Complete solid solution series was obtained in Bi B23BPB4 BOB44.5 B-Bi B23BAs B4 BOB44.5,             
B i B23BPB4 BOB44.5 B-Bi B23BVB4 BOB44.5, B i B23 BAs B4 BOB44.5 B-BiB23 BVB4 BOB44.5 B, Bi B12BPB2 BOB23 B-BiB12 BAs B2 BOB23, B i B12 BPB2 BOB23 B-
Bi B12BVB2 BOB23 B, Bi B12BAs B2 BOB23 B-Bi B12BVB2 BOB23 B systems. 
 
Watanabe and Kitami (1998) reported that VP5+P was successfully introduced into PP5+P site 
in Bi B23BPB4 BOB44.5 B. The formation of complete solid solution series could be due to the 
similar characteristics of these two compounds, which were isomorphous (Watanabe, 
1997; Watanabe and Kitami, 1998).  
 
 
 162
10 20 30 40 50 60
(f)
(e)
(d)
(c)
(b)
(a)
2 θ (degree)
R
el
at
iv
e 
in
te
ns
ity
 (a
rb
itr
ar
y 
un
its
)
 
             Figure 4.48: XRD patterns of Bi B22 BPB4-4x BAs B4xBOB43 B: 
(a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1 
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             Figure 4.49: XRD patterns of Bi B22 BPB4-4x BVB4x BOB43B: 
(a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1 
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              Figure 4.50: XRD patterns of Bi B22 BAs B4-4x BVB4x BOB43 B: 
                                 (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1 
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It has been reported that P, As and V could substitute for each other very well in 
6Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V system (Jie and Eysel, 1995). A complete solid solution 
series was formed in BiB12BPB2 BOB23 B-Bi B12BAs B2 BOB23 B, Bi B12BPB2 BOB23 B-Bi B12BVB2 BOB23 B and              
Bi B12BAs B2 BOB23 B-Bi B12BVB2 BOB23 Bsystems.  
 
Bi B7 BPOB13 Band Bi B7 BVOB13 Bare refined in monoclinic symmetry with space group of P2B1 B and 
P2B1 B/n, respectively. The cell parameters of BiB7 BPOB13 Bare much larger than those of 
Bi B7 BVOB13 B.B BIn Bi B7 BPB1-x BVBx BOB13B, Bi B7 BPOB13 Bsolid solutions were obtained at 0 ≤ x ≤ 0.45; 
Bi B7 BVOB13 B solid solutions were obtained at 0.55 ≤ x ≤1; a mixture of both phases was 
obtained at 0.45 < x < 0.55 (Figure 4.51). Wignacourt et al. (1993) reported that in 
Bi B7 BPB1-x BVBx BOB13 B, the BiB7 BPOB13B phase was obtained at 0 ≤ y ≤ 0.5, while Bi B7BVOB13 B phase at 
0.55 ≤ y ≤ 1, and a mixture of these two phases was encountered in the range              
0.5 < y < 0.55.  
 
In the present study, BiB7 BPB0.5 BVB0.5 BOB13B (x = 0.5) is a mixed phase material with dominant 
phase of Bi B7 BVOB13.  BA minor impurity peak at 2θ ~28Po P which is due to Bi B7 BPOB13 B phase 
could not be eliminated even at a higher synthesis temperature of 920Po PC, a temperature 
close to the melting point of ~930Po PC, for 48 hours.  In Bi B7 BPOB13 Bsolid solutions, a shift at 
2θ ~34.5PoP is observed; while shifts at 2θ ~33.7PoP and 47Po P are observed in Bi B7BVOB13 Bsolid 
solutions.  
 
In each case, the reaction temperature and cooling rate have to be considered as these 
may have an important effect on the polymorph formed. The solid solutions were more 
extensive at higher temperatures as shown in the phase diagram (Figure 4.52).  
 
In the new series of Bi B7 BPB1-x BAs Bx BOB13 B(Figure 4.53), XRD results show that BiB7 BPOB13 B solid 
solutions were formed in the composition range 0 ≤ x ≤ 0.685, while Bi B7BAsOB13 B solid 
solutions were formed in the composition range 0.8 ≤ x ≤ 1. A narrow mixed phase 
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                 Figure 4.51: XRD patterns of Bi B7 BPB1-x BVBx BOB13 B: 
                                     (a) x = 0, (b) x = 0.2, (c) x = 0.45, (d) x = 0.525, (e) x = 0.6, 
                                     (f) x = 0.8, (g) x = 1 
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                                         Figure 4.52: Phase diagram of Bi B7 BPB1-x BVBx BOB13 
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                 Figure 4.53: XRD patterns of Bi B7 BPB1-x BAs Bx BOB13B: 
                                     (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.685, (e) x = 0.7, 
                                     (f) x = 0.8, (g) x = 1 
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region was seen at 0.685 < x < 0.8. Bi B7 BAsOB13 Bexists as the dominant phase in 
composition of x = 0.7. A minor impurity peak was observed at 2θ ~55Po P which is 
attributed to the presence of BiB7 BPOB13 B phase in this material. In Bi B7 BPOB13 Bsolid solutions, a 
shift at 2θ ~34 Po P is observed; while shifts at 2θ ~33.7Po P and 47Po P are observed in BiB7BAsOB13 
Bsolid solutions. A higher synthesis temperature of 940 Po PC for several days was needed in 
the formation of As solid solutions.  
 
Both Bi B7 BVOB13 Band Bi B7 BAsOB13 Bare isostructural with monoclinic symmetry and space 
group of P2B1 B/n as described previously. A complete solid solution series in the BiB7 BVOB13 B-
Bi B7 BAsOB13 Bsystem was formed after prolonged heat treatment at 900PoPC (Figure 4.54).  
 
The variation of unit cell parameters versus composition in these solid solutions was 
studied using Chekcell program. Table 4.20 shows the lattice parameters of the 
5.5Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V solid solutions. The refinements were performed using 
the lattice parameters of Bi B22BM B4 BOB43 B, M = P, As, V refined previously in this project as 
starting values. The results show that these materials were successfully refined in 
triclinic symmetry with space group of P-1.  
 
Generally, lattice parameters and volumes of these materials increased with increasing 
V content, followed by As and P. The ionic radius of VP5+P (0.355 Å) is larger than that of 
As P5+P (0.335 Å) and PP5+P(0.17 Å) (Shannon and Prewitt, 1969); V-O bond length is thus 
expected to be longer than As-O and P-O which may lead to increase in cell parameters 
of the materials with increase of V content. Similar observations were obtained in 
5.75Bi B2 BOB3 B-M B2BOB5 B, 6Bi B2 BOB3 B-M B2BOB5 B, and  7Bi B2BOB3 B-MB2 BOB5 Bternary systems; M = P, As, V 
ternary systems (Tables 4.21, 4.22 and 4.23).  
 
There was no appreciable difference in the lattice constants and cell volumes between 
Bi B22BAs B4 BOB43 B and Bi B22BVB4 BOB43 B(Table 4.20c), since the ionic radii of VP5+P (0.355 Å) and AsP5+P 
(0.335 Å) are very similar. This could also be attributed to the structural constraint 
imposed by the BiB2 BOB2 PB2+P layers (Jie and Eysel, 1995).   
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              Figure 4.54: XRD patterns of Bi B7 BAs B1-x BVBx BOB3 B: 
                                 (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1 
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Table 4.20: Lattice parameters of 5.5BiB2 BOB3 B-MB2 BOB5 B, M = P, As, V solid solutions from    
X-ray diffraction data 
 
(a) Bi B22BPB4-4x BAs B4x BOB43  Bsolid solutions 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
  
 α ( Pο P) 
  
 β ( PοP ) 
   
  γ ( Pο P) 
  Unit-cell 
volume (ÅP3P)
0 
 
Triclinic a = 11.3580 (4) b = 11.3628 (5) c = 20.4464 (7) 77.47
 
86.39 119.55 
 
2195.55 
 
0.2 
 
Triclinic a = 11.3652 (8) b = 11.3676 (9) c = 20.4621 (9) 77.71
 
86.45 
 
119.66 
 
2200.39 
 
0.4 Triclinic a = 11.3948 (4)
 
b = 11.4001 (4)
 
c = 20.4566 
(10) 
 
77.80
 
86.19 
 
119.47 
 
2215.31 
 
0.6 Triclinic 
 
a = 11.4276 (6) b = 11.4308 (6) c = 20.4890 (8) 77.92 86.25 119.59 2231.69 
0.8 Triclinic a = 11.4529 (5)
 
b = 11.4602 (5)
 
c = 20.5130 (7)
 
77.95
 
86.25 
 
119.60 
 
2244.07 
 
1 Triclinic 
 
a = 11.4979 (11) b =11.5177(12) c = 20.5739(15) 76.64 87.11 119.72 2255.28 
 
(b) Bi B22BPB4-4x BVB4x BOB43  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( PοP ) 
 
γ ( Pο P) 
Unit-cell 
volume (ÅP3 P)
0 
 
Triclinic a = 11.3580 (4) b = 11.3628 (5) c = 20.4464 (7) 77.47
 
86.39 119.55 
 
2195.55 
 
0.2 
 
Triclinic a = 11.3673 (3) b = 11.3785 (2) c = 20.4483 (5) 77.46
 
86.29 
 
119.58 
 
2198.76 
 
0.4 Triclinic a = 11.4246 (4)
 
b = 11.4355 (5)
 
c = 20.4799 (7)
 
77.44
 
86.21 
 
119.56 
 
2223.54 
 
0.6 Triclinic 
 
a = 11.4489 (5) b = 11.4583 (4) c = 20.5033 (6) 77.20 86.70 119.60 2243.58 
0.8 Triclinic a = 11.4684 (7)
 
b = 11.4888 (8)
 
c = 20.5210 (4)
 
76.67
 
87.38 
 
119.67 
 
2250.75 
 
1 Triclinic 
 
a = 11.5354 (6) b = 11.5469 (4) c = 20.6630 (7) 76.31 87.38 119.76 2277.42 
 
(c) BiB22BAs B4-4x BV B4xBO B43  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( PοP ) 
 
γ ( Pο P) 
Unit-cell 
volume (ÅP3 P)
0 Triclinic 
 
a= 11.4979 (11) b=11.5177 (12) c= 20.5739 (15) 76.64 87.11 119.72 2255.28 
0.2 
 
Triclinic a = 11.5022 (3) b = 11.5168 (4) c = 20.5842 (5) 76.55
 
87.10 
 
119.74 
 
2257.76 
0.4 Triclinic a = 11.5019 (6)
 
b = 11.5204 (4)
 
c = 20.6043 (5)
 
76.56
 
87.21 
 
119.60 
 
2265.33 
0.6 Triclinic 
 
a = 11.5124 (1) b = 11.5255 (3) c = 20.6238 (3) 76.45 87.15 119.75 2266.30 
0.8 Triclinic a = 11.5228 (5)
 
b = 11.368 (5)
 
c = 20.6475 (4)
 
76.55
 
87.18 
 
119.76 
 
2271.98 
 
1 Triclinic a = 11.5354 (6) b = 11.5469 (4) c = 20.6630 (7) 76.31 87.38 119.76 2277.42 
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Table 4.21: Lattice  parameters  of  5.75Bi B2 BOB3 B-MB2 BOB5 B,  M = P, As, V solid solutions from 
                    X-ray diffraction data 
 
(a) Bi B23BPB4-4x BAs B4x BOB44.5  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
  
  α ( Pο P) 
  
 β ( PοP ) 
   
   γ ( Pο P) 
   Unit-cell 
volume (ÅP3P)
0 
 
Triclinic a = 11.3614 (5) b = 11.3668 (6) c = 20.4499 (7) 77.47 86.39 119.95 2195.55 
0.25 
 
Triclinic a = 11.3787 (4) b = 11.3803 (7) c = 20.4905 (3) 77.30 86.50 119.50 2207.64 
0.5 Triclinic a = 11.4195 (2) b = 11.4265 (6) c = 20.5324 (6) 77.50 86.42 119.60 2228.59 
0.75 Triclinic 
 
a = 11.4454 (2) b = 11.4527 (4) c = 20.5324 (5) 77.20 86.60 119.52 2242.23 
1 Triclinic 
 
a = 11.5179 (5) b = 11.5226 (6) c = 20.6063 (1) 76.73 87.32 119.96 2263.53 
 
 
(b) Bi B23BPB4-4x BVB4x BOB44.5  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( PοP ) 
 
γ ( Pο P) 
Unit-cell 
volume (ÅP3 P)
0 
 
Triclinic a = 11.3614 (5) b = 11.3668 (6) c = 20.4499 (7) 77.46 86.29 119.58 2195.40 
0.25 
 
Triclinic a = 11.3742 (3) b = 11.3853 (5) c = 20.4671 (6) 77.46 86.40 119.60 2203.98 
0.5 Triclinic a = 11.4352 (4) b = 11.4468 (6) c = 20.5239 (8) 77.3 86.70 119.61 2234.36 
0.75 Triclinic 
 
a = 11.4688 (2) b = 11.4823 (4) c = 20.5681 (9) 77.32 86.60 119.54 2253.80 
1 Triclinic 
 
a = 11.5426 (4) b = 11.5492 (3) c = 20.6682 (5) 76.29 87.50 119.83 2279.04 
 
(c) Bi B23BAs B4-4x BVB4x BOB44.5  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( PοP ) 
 
γ ( Pο P) 
Unit-cell 
volume (ÅP3 P)
0 Triclinic 
 
a = 11.5179 (5) b = 11.5226 (6) c = 20.6063 (1) 76.73 87.32 119.96 2263.53 
0.25 
 
Triclinic a = 11.5220 (6) b = 11.5531 (2) c = 20.6146 (3) 76.6 87.40 119.90 2267.29 
0.5 Triclinic a = 11.5237 
(13) 
b = 11.5337 
(11) 
c = 20.6245 (4) 76.51 87.38 119.91 2267.47 
0.75 Triclinic 
 
a = 11.5401 (7) b = 11.5474 (4) c = 20.6529 (5) 76.40 87.40 119.87 2276.14 
1 Triclinic 
 
a = 11.5426 (4) b = 11.5492 (3) c = 20.6682 (5) 76.29 87.50 119.83 2279.04 
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Table 4.22: Lattice  parameters  of  6Bi B2 BOB3 B-MB2 BOB5 B,  M  =  P, As, V  solid  solutions  from  
                    X-ray diffraction data 
 
(a)  Bi B12BPB2-2x BAs B2x BOB23  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
   
  α ( Pο P) 
  
  β ( PοP ) 
   
   γ ( Pο P) 
   Unit-cell 
volume (ÅP3P)
0 
 
Triclinic a = 11.3658 (1) b = 11.3718 (1) c = 20.4510 (2) 77.47 86.28 119.56 2197.30 
0.2 
 
Triclinic a = 11.3374 (2) b = 11.3855 (3) c = 20.4912 (3) 77.30 86.29 119.50 2205.85 
0.4 Triclinic a = 11.3973 (3) b = 11.4088 (5) c = 20.5234 (4) 77.31 86.30 119.45 2219.80 
0.6 Triclinic 
 
a = 11.4428 (2) b = 11.4539 (3) c = 20.5312 (5) 77.30 86.60 119.46 2240.81 
0.8 Triclinic a = 11.4824 (7) b = 11.4930 (2) c = 20.5888 (2) 77.20 86.70 119.52 2260.63 
1 Triclinic 
 
a = 11.5312 (8)
        
b = 11.5357 (9)
 
c = 20.6179 
(11) 
 
76.79 87.30 
 
119.92 2271.67 
 
(b) Bi B12BPB2-2x BVB2x BOB23  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( PοP ) 
 
γ ( Pο P) 
Unit-cell 
volume (ÅP3 P)
0 
 
Triclinic a = 11.3658 (1) b = 11.3718 (1) c = 20.4510 (2) 77.47 86.28 119.56 2197.30 
0.2 
 
Triclinic a = 11.3817 (2) b = 11.3924 (2) c = 20.5111 (4) 77.40 86.40 119.62 2210.25 
0.4 Triclinic a = 11.4318 (4) b = 11.4429 (3) c = 20.5298 (5) 77.25 86.55 119.70 2229.23 
0.6 Triclinic 
 
a = 11.4653 (5) b = 11.4705 (4) c = 20.5569 (6) 77.10 86.70 119.71 2243.21 
0.8 Triclinic a = 11.5219 
(11) 
b = 11.5376 (6) c = 20.6105 (7) 77.10 86.81 119.62 2276.73 
1 Triclinic 
 
a = 11.5421 (5) b = 11.5501(6) c = 20.6695 (3) 76.31 87.42 119.84 2294.40 
 
(c) Bi B12BAs B2-2x BVB2x BOB23  Bsolid solutions 
 
 
x  
Crystal 
system 
                           
Lattice  parameters (Å) 
 
α ( Pο P) 
 
β ( PοP ) 
 
γ ( Pο P) 
Unit-cell 
volume (ÅP3 P)
0 Triclinic 
 
a = 11.5312 (8)
        
b = 11.5357 (9)
 
c = 20.6179 
(11) 
 
76.79 87.30 
 
119.92 2271.67 
0.2 
 
Triclinic a = 11.5307 (7)
        
b = 11.5367 (6)
 
c = 20.6244 (4)
 
76.79 87.31 119.90 2273.03 
0.4 Triclinic a = 11.5389 (6)
        
b = 11.5402 (7)
 
c = 20.6324 (5)
 
76.56 87.35 119.90 2273.30 
0.6 Triclinic 
 
a = 11.5398 (6)
        
b = 11.5424 (4)
 
c = 20.6321 (7)
 
76.40 87.40 119.87 2272.80 
0.8 Triclinic a = 11.5404 (3)
        
b = 11.5469 (4)
 
c = 20.6486 (9)
 
76.41 87.40 119.80 2277.56 
1 Triclinic 
 
a = 11.5421 (5) b = 11.5501(6) c = 20.6695 (3) 76.31 87.42 119.84 2294.40 
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Table 4.23: Lattice parameters of 7Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V solid solutions from      
X-ray diffraction data 
 
(a) Bi B7 BPB1-x BAs BxBOB13  Bsolid solutions 
 
 
x  
 
Crystal system 
  
Lattice  parameters (Å) 
 
β ( PοP ) 
Unit-cell 
volume (ÅP3P)
0 Monoclinic 
 
a = 19.6444 (28) b = 12.0690 (23) c = 24.3206 (32) 111.60 (1) 5361.02 
0.2 
 
Monoclinic a = 19.6732 (15) b = 12.0789 (13) c = 24.3198 (12) 111.65 5371.44 
0.4 Monoclinic a = 19.6812 (9) b = 12.0763 (14) c = 24.3422 (15) 111.62 5378.53 
 
0.8 Monoclinic a =  4.0621 (2) 
        
b =   3.8823 (4)
 
c =   5.3510 (5) 90.30 84.39 
1 Monoclinic 
 
a =  4.0669 (3) 
        
b =   3.8879 (4)
 
c =   5.3514 (4) 
         
90.27 
 
84.61     
 
 
(b) Bi B7 BPB1-x BVBx BOB13  Bsolid solutions 
 
 
x  
 
Crystal system 
  
Lattice  parameters (Å) 
 
β ( PοP ) 
Unit-cell 
volume (ÅP3P)
0 Monoclinic 
 
a = 19.6444 (28) b = 12.0690(23) c = 24.3206 (32) 111.60 5361.02 
0.2 
 
Monoclinic a = 19.6512 (12) b = 12.0678(15) c = 24.3312 (10) 111.62 5364.13 
0.4 Monoclinic a = 19.6524 (10) b = 12.0712 (13) c = 24.3458 (14) 111.60 5369.93 
0.6 Monoclinic 
 
a = 4.0588 (2) b = 3.8814 (4) c = 5.3587 (5) 90.31 84.42 
0.8 Monoclinic a = 4.0578 (3) b = 3.8932 (3) c = 5.3592 (4) 90.30 84.66 
1 Monoclinic 
 
a = 4.0613 (3) 
 
b = 3.8947 (4) 
 
c = 5.3680 (4) 
 
90.28 84.91 
 
(c) Bi B7 BAs B1-x BVBx BOB13  Bsolid solutions 
 
 
x  
 
Crystal system 
 
 Lattice  parameters (Å) 
 
β ( PοP ) 
Unit-cell 
volume (ÅP3P)
0 Monoclinic 
 
a =  4.0669 (3) 
        
b =   3.8879 (4)
 
c =   5.3514 (4) 
         
90.27 
 
84.61     
0.2 
 
Monoclinic a =  4.0654 (4) 
        
b =   3.8912 (5)
 
c =   5.3686 (2) 
         
90.26 84.83 
0.4 Monoclinic a =  4.0618 (5) 
        
b =   3.8904 (6)
 
c =   5.3639 (1) 
         
90.27 84.76 
0.6 Monoclinic 
 
a =  4.0639 (3) 
        
b =   3.8925 (4)
 
c =   5.3644 (3) 
         
90.27 84.86 
0.8 Monoclinic a =  4.0624 (2) 
        
b =   3.8953 (3)
 
c =   5.3642 (2) 
         
90.25 84.88 
1 Monoclinic 
 
a =  4.0613 (3) 
 
b =   3.8947 (4)
 
c =   5.3680 (4) 
 
90.28 84.91 
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Similarly, the cell parameters of the materials in BiB23 BAs B4-4xBVB4x BOB44.5 B(Table 4.21c), 
Bi B12BAs B2-2x BVB2x BOB23 B(Table 4.22c)B BandB B i B7BAs B1-x BVBx BOB13 B(Table 4.23c) B  Bsolid solutions appeared 
to be very close to each other, indicating that the unit cell size of As analogues are very 
similar to that in V analogues. It thus supports the observation in their XRD patterns 
discussed above.  
 
4.4.2 Density Measurement 
Tables 4.24, 4.25 and 4.26 show the results of density measurements carried out on the 
single phase materials in 5.5Bi B2BOB3 B-MB2 BOB5 B, M = P, As and V ternary system. The 
confidence level for the results could be low since the standard deviations obtained for 
the readings are large. 
 
Besides, the results revealed that the density measured for each material could vary if 
the measurements were carried out on different days even though the instrument 
calibration was carried out before the measurements. This may indicate that the error 
estimated in the analysis is much larger than ±0.05%; e.g. the density measured for 
Bi B22BAs B4 BOB43 B varied from 8.3367 g/cmP3 P (Table 4.11), 8.4298 g/cmP3 P (Table 4.24) and 
8.4918 g/cmP3 P(Table 4.26) when determinations were carried out on different days. 
 
Table 4.24: Densities of Bi B22BPB4-4x BAs B4x BOB43B solid solutions 
x 
Density measurement 
(g/cmP3 P) 
STDEV 
(g/cmP3 P)
Temp 
( PoPC) Avg (g/cmP3 P) 
STDEV 
(g/cmP3 P) 
0 8.3456 0.0106 23.3 8.3372 0.0120 
  8.3287 0.0060 23.5     
0.2 8.4023 0.0176 23.3 8.3825 0.0280 
  8.3627 0.0054 23.5     
0.4 8.3755 0.0087 23.4 8.3638 0.0165 
  8.3521 0.0098 23.5     
0.6 8.4236 0.0202 23.4 8.4197 0.0055 
  8.4158 0.0079 23,4     
0.8 8.4326 0.0090 23.4 8.4178 0.0210 
  8.4029 0.0023 23.5     
1 8.4391 0.0088 23.4 8.4298 0.0132 
  8.4204 0.0036 23.5     
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Table 4.25: Densities of Bi B22BPB4-4x BVB4x BOB43 B solid solutions 
x 
Density 
measurement 
(g/cmP3 P) 
STDEV 
(g/cmP3 P) 
Temp 
( PoPC) Avg (g/cmP3 P) 
STDEV 
(g/cmP3 P) 
0 8.3317 0.0027 23.4 8.3371 0.0076 
  8.3425 0.0046 23.5     
0.2 8.3567 0.0180 23.4 8.3448 0.0169 
  8.3328 0.0088 23.5     
0.4 8.3029 0.0032 23.4 8.2996 0.0047 
  8.2963 0.0066 23.5     
0.6 8.2814 0.0018 23.4 8.2886 0.0102 
  8.2958 0.0053 23,4     
0.8 8.2457 0.0106 23.4 8.2417 0.0057 
  8.2376 0.0027 23.5     
1 8.1932 0.0064 23.4 8.1994 0.0088 
  8.2056 0.0056 23.6     
 
 
Table 4.26: Densities of Bi B22BAs B4-4x BVB4x BOB43B solid solutions 
x 
Density 
measurement 
(g/cmP3 P) 
STDEV 
(g/cmP3 P) 
Temp 
( PoPC) Avg (g/cmP3 P) 
STDEV 
(g/cmP3 P) 
0 8.4823 0.0045 23.4 8.4918 0.0134 
  8.5012 0.0080 23.0   
0.2 8.4418 0.0104 23.3 8.4521 0.0146 
  8.4624 0.0046 23.2   
0.4 8.3921 0.0203 23.3 8.3839 0.0117 
  8.3756 0.0086 23.2   
0.6 8.3072 0.0189 23.4 8.3201 0.0182 
  8.3329 0.0064 23.2   
0.8 8.2944 0.0081 23.3 8.3006 0.0087 
  8.3067 0.0088 23.3   
1 8.2371 0.0159 23.3 8.2432 0.0086 
  8.2493 0.0054 23.3   
 
 
Generally, the results show that the density of the materials increased with increasing 
As content, followed by P and V content in materials. From the relationship between the 
bulk crystal density, formula weight and cell volume (Equation 4.1), density of the 
materials is expected to increase with increasing As content since atomic mass of As 
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(74.92) is larger than V (50.94) and P (30.97).  Meanwhile, the ionic radius of PP5+ P   
(0.17 Å) is smaller than As P5+P (0.335 Å) and VP5+P (0.355 Å), which may lead to a smaller 
cell volume in these materials with increasing P content. Similar observations were 
obtained in xBi B2BOB3 B-M B2 BOB5 B; x = 5.75, 6, 7 and M = P, As and V ternary system.  
 
4.4.3 Electrical Properties 
Conductivity measurements were carried out on selected single phase materials in the 
xBi B2BOB3 B-M B2 BOB5 B solid solutions, x = 5.5, 5.75, 6, 7; M = P, As, V. Conductivity values of 
the materials were extracted from complex plane plots. Generally, a broadened 
semicircle with a capacitance of ~10P-12 PF cmP-1 P and a low-frequency spike were observed 
in these materials as discussed previously for the parent materials in Chapters 4.1, 4.2 
and 4.3. At higher temperatures, the predominant feature is a low-frequency spike 
inclined at ≈60Po Pto the horizontal axis with an associated capacitance of ~10P-7 PF cmP-1P. At 
800 Po PC the spike collapsed to form a semi-circular arc indicating that oxygen diffusion 
was through a layer of finite thickness (Irvine et al., 1990), supporting that the 
conducting species are predominantly oxide ions.  
 
Arrhenius plots of Bi B22BPB4-4xBAs B4x BOB43 B, Bi B22BPB4-4x BVB4x BOB43 B and BiB22BAs B4-4x BVB4xBOB43 B are shown in 
Figures 4.55, 4.56 and 4.57, respectively. These results show that substitution of V and 
As for P improved the conductivity, similar to those reported for BiB23BPB4-4x BVB4x BOB44.5B 
(Watanabe, 1997) and Bi B7BPB1-x BVBx BOB13 B(Wignacourt et al., 1993) solid solutions.  
 
The increase in conductivity was not significant in BiB22 BAs B4-4x BVB4xBOB43 Bsolid solutions 
since the conductivity of both BiB22 BVB4 BOB43B and Bi B22 BAs B4 BOB43B are close. As there is very little 
change in cell volume with increasing V content in BiB22 BAs B4 BOB43B, B Bthe steric hindrance to 
migration of oxygen vacancies in the fluorite lattice due to substitution of As by V will 
be minimum (Badwal and Ciacchi, 2000).  
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                                     Figure 4.55: Arrhenius plots of Bi B22 BPB4-4xBAs B4x BOB43B    
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                               Figure 4.56: Arrhenius plots of BiB22 BPB4-4x BVB4x BOB43B    
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Figure 4.57: Arrhenius plots of Bi B22BAs B4-4xBVB4x BOB43 B    
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In general, the conductivity of the materials with highest V content was highest, 
followed by As and P in all the xBi B2BOB3 B-M B2BOB5 B (5.5 ≤ x ≤ 7; M = P, V, As) systems 
studied. Table 4.27 lists the conductivity values at 300Po PC and 600 PoPC, and the activation 
energy values for all the parent materials as discussed previously and some related 
materials.  
 
Table 4.27: Conductivity (σB300B and σ B600B) and activation energy (EBaB) of xBi B2BOB3 B-M B2 BOB5 B,     
M = P, As, V and related materials 
 
x                Sample                σ B300B x10P -5 P / ohmP-1 PcmP-1          Pσ B600 B x10P-3 P/ ohmP-1 PcmP-1 P                  EBa B(eV) 
 
5.5         BiB22BP B4BO B43B               1.03   1.29     0.74 
               BiB22BP B1.6BAs B2.4BO B43B  1.46   1.70     0.73    
BiB22BAs B4BO B43B  4.54   4.11     0.71 
              BiB22BAs B1.6BV B2.4BO B43B 3.83   4.20     0.72 
               BiB22BV B4BO B43B  5.26   5.55     0.69 
               BiB22BP B1.6BV B2.4BO B43  B1.35   1.75     0.71 
 
5.75   BiB23BP B4BO B44.5B  3.10   2.89     0.67                 
                BiB23BP B2BAs B2BOB44.5B  3.66   5.66     0.74 
B                         B iB23BAs B4BO B44.5B  5.66   7.21     0.72 
                BiB23BAs B2BV B2BOB44.5  B7.33   6.80     0.68 
               BiB23BV B4BO B44.5  B            13.37               10.31     0.63 
            BiB23BP B2BV B2BO B44.5 B 5.34   5.55     0.66 
 
6 BiB12BP B2BO B23B          2.33   3.05     0.75  
 BiB12BP B0.8BAs B1.2BO B23B 2.45   3.28     0.76 
B                 B iB12BAs B2BO B23B        4.81   7.89     0.76 
           BiB12BAs B0.8BV B1.2BO B23B 6.20   8.08     0.75 
             BiB12BV B2BO B23B        9.65              10.52     0.70 
              BiB12BP B0.8BV B1.2BO B23B  4.46   5.71     0.74 
         
7 BiB7BPO B13B   1.09   4.62     0.86  
             BiB7BP B0.5BAs B0.5BO B13B  1.46   4.76     0.82 
 (BiB7BPOB13B phase) 
               BiB7BP B0.1BAs B0.9BO B13  B 1.67   5.61     0.82 
      B B         (BiB7BAsOB13B phase) 
 BiB7BAsOB13B   1.68                6.64     0.89 
              BiB7BAs B0.6BV B0.4BOB13 B 3.62              13.00     0.82 
 BiB7BVOB13B   4.44              20.20     0.89 
            BiB7BP B0.4BV B0.6BO B13B  3.41              12.49     0.84 
 (BiB7BVOB13B phase) 
                  BiB7BP B0.6BVB0.4BO B13  B 1.99   6.91     0.84 
      B B         (BiB7BPOB13B phase) 
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Figure 4.58 shows the Arrhenius plots of Bi B7 BPB1-x BVBx BOB13 B. The conductivity values of 
compositions 0 ≤ x ≤ 0.3 were close to one and another and they agreed well with those 
reported by Wignacourt et al. (1993). A marked increase in conductivity was observed 
in composition of x = 0.4. Meanwhile, for the compositions of x = 0.6 and above, the 
conductivity increased with increasing V content. The similarity in activation energy 
found in the compositions of x = 0.6, 0.8 and BiB7 BVOB13 B, implies that the same conduction 
mechanism applies in these materials. Wignacourt et al., (1993) did not comment on the 
conductivity  performance  of  the  Bi B7BVOB13  Btype  of B Bsolid  solutions  obtained  in  
Bi B7 BPB1-x BVBx BOB13 B.  
 
Figure 4.59 shows the Arrhenius plots of Bi B7 BAs B1-x BVBx BOB13 B. Compositions of x = 0.2 and 
above have conductivity comparable to that of BiB7 BVOB13 B. Besides, the similarity in 
activation energy between the V-doped materials and Bi B7 BVOB13 B implies that the 
conduction mechanism is similar in these materials.  
 
4.4.4 Thermal Analysis 
A phase transition was seen clearly in the DTA thermogram of Bi B7 BPB1-x BVBx BOB13 B (Figure 
4.60) and Bi B7BPB1-x BAs Bx BOB13 B series at a higher heating-cooling rate of 20Po PC/min, but not 
quite discernable on heating cycle. The phase transition temperature generally increased 
with decreasing P content. Wignacourt et al. (1993) stated that the occurrence of 
transition at 875Po PC in Bi B7 BPOB13  Bcorresponded to ε → σ transition, and there was no phase 
transition in solid state for the rest of the domain in BiB7 BPB1-x BVBx BOB13 B (x = 0.1 to 0.4). The 
discrepancy of these results could be due to the different scanning rate used as discussed 
previously. A higher heating rate was required in order to observe the transition 
especially for those involving small change of enthalpy and little dimensional change. 
 
In BiB7 BAs B1-x BVBx BOB13 B (Figure 4.61) and Bi B12BPB2-2x BV(As) B2xBOB23 B series, a peak at around 920Po PC 
in cooling cycle was observed . It is however questionable whether this peak is a phase 
transition or the onset of the melting process. Similar uncertainty was found in 
Bi B22BPB4 BOB43 B and Bi B22BVB4 BOB43 B. No phase transition was observed for Bi B22BAs B4 BOB43 Band for the 
doped materials in 5.5BiB2 BOB3 B-MB2 BOB5 B system.  
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                                          Figure 4.58: Arrhenius plots of BiB7 BPB1-x BVBx BOB13 B    
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                               Figure 4.59: Arrhenius plots of BiB7 BAs B1-x BVBx BOB13 B    
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                   Figure 4.60: DTA thermograms of BiB7BPB1-x BVBx BOB13 B solid solutions:  
                                       (a) x = 0, ( b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (e) x = 0.4 
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                      Figure 4.61: DTA thermograms of Bi B7 BAs B1-x BVBx BOB13B solid solutions: 
                                          (a) x = 0, ( b) x = 0.1, (c) x = 0.2, (d) x = 0.3, (e) x = 0.4 
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A phase transition at temperature < 200PoPC, which has not been reported in earlier study 
(Watanabe, 1997) was observed in Bi B23BPB4-4x BVB4x BOB44.5 B (Figure 4.62) and                 
Bi B23BAs B4-4x BVB4x BOB44.5B (Figure 4.63) solid solutions. The phase transition temperatures 
generally decreased with increasing x. This transition was also observed in the DSC 
study. Besides, an obvious curvature was observed in the conductivity Arrhenius plot 
within the temperature range of 170Po PC to 230 Po PC, corresponding to the thermal event 
observed.  
 
4.4.5 Fourier-transform Infrared (FT-IR) 
The IR absorption spectra of xBi B2 BOB3 B-M B2BOB5 B binary systems, where x = 5.5, 5.75, 6, and 7, 
M = P, V, As were recorded. Figure 4.64 shows IR spectra of Bi B22BPB4-4x BAs B4x BOB43B solid 
solutions. The broad absorption at ∼3440 cmP-1 P and a medium absorption band at ∼1635 
cmP-1 P correspond to the O-H stretching and bending mode, respectively, probably due to 
moisture picked up during sample preparation.  
 
The spectrum of Bi B22 BPB4 BOB43 B shows an intense band at 973 cmP-1 P and 546 cmP-1 P, which were 
assigned to ν(P-O) and ν(P-P) types of vibration, respectively. Meanwhile, the IR 
spectrum  of  Bi B22BAs B4 BOB43B  shows an intense band at 781 cmP-1 P and  a  broad  band  at  
503 cmP-1 P, assigned to As-O bonding in the structure. The presence of absorption bands 
at ∼973 cmP-1 P and ∼781 cmP-1 Pin As-doped BiB22 BPB4BOB43B materials indicate co-existence of P-
O and As-O bonding in the material. The peak due to As-O bond at ∼781 cmP-1 P appeared 
to increase in intensity with increasing As content. No shift was observed in P-O and 
As-O stretching with variation of As content.  
 
Similarly, the presence of absorption bands at ∼973 cmP-1 P and ∼770 cmP-1 Pin V-doped 
Bi B22BPB4 BOB43 B indicate co-existence of P-O and V-O bonding in the material (Figure 4.65). 
The   peak  due  to  V-O  bond  at  ∼770  cmP-1 P  appeared  to  increase  in  intensity  with 
increasing V content. However, no significant shift was observed in P-O and V-O 
stretching with variation of V content.  
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                    Figure 4.62: DTA thermograms of BiB23BPB4-4x BVB4xBOB44.5B solid solutions: 
                                        (a) x = 1, ( b) x = 0.9, (c) x = 0.75, (d) x = 0.6 
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              Figure 4.63: DTA thermograms of Bi B23 BAs B4-4x BVB4xBOB44.5 B solid solutions: 
     (a) x = 1, ( b) x = 0.9, (c) x = 0.75, (d) x = 0.6, (e) x = 0.5,  
     (f) x = 0.4, (g) x = 0.25 
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             Figure 4.64: IR spectra of Bi B22 BPB4-4xBAs B4x BOB43 B solid solutions:  
                                 (a) x = 0, (b) x =0.2, (c), x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1 
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             Figure 4.65: IR spectra of Bi B22 BPB4-4xBVB4x BOB43 B solid solutions:  
                                 (a) x = 0, (b) x =0.2, (c), x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1  
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The IR spectrum of BiB22 BAs B4 BOB43 B is similar to that of BiB22 BVB4 BOB43 B with V-O stretching mode 
in 770 cmP-1 P region (Figure 4.66). The close similarity in the V-O and As-O frequency 
indicates that their bond order is similar. Similar observations were obtained for other 
Bi B2 BOB3 B-MB2 BOB5 B (M = P, V, As) systems studied.  
 
4.4.6  Introduction of Dopants 
4.4.6.1  Phase Purity 
In an attempt to obtain materials with higher conductivity in materials of compositions 
xBi B2BOB3 B-M B2 BOB5 B, M = P, As, V and x = 5.75, 6, 7, substitution of several cations, e.g. PbP2+P, 
Sr P2+P, La P3+P, Si P4+P, TiP4+P, Mo P6+P and WP6+P for Bi has been attempted. The dopant 
concentration and the phase purity of the doped materials in 5.75BiB2 BOB3 B-MB2 BOB5 B, M = P, 
As, V are summarized in Table 4.28.  
 
Table 4.28: Phase purity of the doped materials in 5.75Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V 
Sample 
M* 
Ionics 
radius of 
M*, Å ** 
Composition 
x 
Final 
temperature, 
P
o
PC 
Duration, 
h 
Phase purity/ 
Impurity phase
 
(a) BiB23-x BM* BxBP B4BOBδ B       
BiB21.85BPb B1.15BP B4BOBδ B Pb 1.12 1.15 850 48 Single phase 
BiB20.7BPb B2.3BP B4BO BδB   2.3 900 24 Mixed phase 
       
BiB21.85BSr B1.15BP B4BO Bδ B Sr 1.12 1.15 900 48 Mixed phase 
       
BiB21.85BLaB1.15BP B4BOBδ B La 1.14 1.15 900 48 Mixed phase 
       
BiB21.85BSiB1.15BP B4BO Bδ B Si 0.42 1.15 850 96 Mixed phase 
       
BiB21.85BTiB1.15BP B4BO Bδ B Ti 0.68 1.15 850 96 Mixed phase 
       
BiB21.85BMo B1.15BP B4BOBδ B Mo 0.62 1.15 850 48 Mixed phase 
       
BiB21.85BW B1.15BP B4BOBδ B W 0.62 1.15 850 48 Mixed phase 
       
(b) BiB23-x BM* BxBAs B4BOBδ B      
BiB21.85BPb B1.15BAs B4BOBδ B Pb 1.12 1.15 850 48 Single phase 
BiB20.7BPb B2.3BAs B4BOBδ B   2.3 850 48 Mixed phase 
       
BiB21.85BSr B1.15BAs B4BOBδ B Sr 1.12 1.15 850 144 Mixed phase 
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BiB21.85BLaB1.15BAs B4BOBδ B La 1.14 1.15 850 48 Single phase 
BiB20.7BLaB2.3BAs B4BO Bδ B   2.3 850 48 Mixed phase 
       
BiB21.85BSiB1.15BAs B4BOBδ B Si 0.42 1.15 850 96 Mixed phase 
       
BiB21.85BTiB1.15BAs B4BOBδ B Ti 0.68 1.15 850 96 Mixed phase 
       
BiB21.85BMo B1.15BAs B4BO BδB Mo 0.62 1.15 850 48 Mixed phase 
       
BiB21.85BW B1.15BAsB4BOBδ B W 0.62 1.15 850 48 Mixed phase 
       
(c) BiB23-x BM* BxBV B4BO BδB       
BiB21.85BPb B1.15BV B4BOBδ B Pb 1.12 1.15 850 96 Mixed phase 
       
BiB21.85BSr B1.15BV B4BOBδ B Sr 1.12 1.15 850 96 Mixed phase 
       
BiB21.85BLaB1.15BV B4BOBδ B La 1.14 1.15 850 48 Single phase 
BiB20.7BLaB2.3BV B4BO Bδ B   2.3 850 48 Single phase 
BiB18.4BLaB4.6BV B4BO Bδ B   4.6 850 48 Mixed phase 
       
BiB21.85BSiB1.15BV B4BOBδ B Si 0.42 1.15 850 48 Mixed phase 
       
BiB21.85BTiB1.15BV B4BOBδ B Ti 0.68 1.15 850 48 Mixed phase 
       
BiB21.85BMo B1.15BV B4BOBδ B Mo 0.62 1.15 850 48 Mixed phase 
       
BiB21.85BW B1.15BVB4BOBδ B W 0.62 1.15 850 48 Mixed phase 
 
Note: *     Ionic radius of dopant obtained from Shannon and Prewitt (1969) 
#     Ionic radius of BiP3+ P is 0.96 Å. BiB23 BMB4 BO B44.5 B, M = P, As, V were prepared at 850PoPC, 48 h. 
 
 
Introduction of dopants other than Pb P2+P (≤ 5%) into Bi B23 BPB4 BOB44.5B was unsuccessful. 
Figure 4.67 shows the XRD patterns of solid solutions of Bi B23-x BPb Bx BPB4 BOB44.5-x/2B with          
x ≤ 1.15.  A shift in 2θ at ~28.2Po Pwas observed. In the composition of x = 2.3, an 
impurity peak at 2θ = 45.2Po P was seen. No change in XRD pattern was observed after 
heat treatment to 900Po PC, a temperature close to its melting point for 48 hours. The 
identity of the impurity peak could not be determined.  
 
Meanwhile, only La P3+P could be introduced into Bi B23 BAs B4 BOB44.5 B and Bi B23 BVB4 BOB44.5. BFigure 
4.68 shows the XRD patterns of Bi B23-x BLa BxBAs B4 BOB44.5-x/2 B with 0 ≤ x ≤ 2.3. Mixed phases of  
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             Figure 4.66: IR spectra of Bi B22 BAs B4-4xBVB4x BOB43 B solid solutions:  
                                 (a) x = 0, (b) x =0.2, (c), x = 0.4, (d) x = 0.6, (e) x = 0.8, (f) x = 1 
 
Wavenumber (cmP-1 P) 
Tr
an
sm
itt
an
ce
 
 195
10 20 30 40 50 60
ο  impurity peak
ο
(c)
(b)
(a)
2 θ (degree)
 
                        Figure 4.67: XRD patterns of Bi B23-x BPb Bx BPB4BOB44.5-x/2 B solid solutions: 
                                             (a) x = 0, (b) x = 1.15, (c) x = 2.3 
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                         Figure 4.68: XRD patterns of BiB23-x BLa BxBAs B4 BOB44.5-x/2 B solid solutions: 
(a) x = 0, (b) x = 1.15, (c) x = 2.3 
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Bi B23BAs B4 BOB44.5 B and a cubic phase with space group of Fm3m were formed in composition 
of x = 2.3. The cubic phase is known as δ*-Bi B2 BOB3 B phase and has CaFB2 Btype structure 
(ICDD card no: 43-455). Besides, unidentified peaks at 2θ = 46PoP and 49.8PoP were 
observed in the mixed phase material.  
 
The solid solution limits was x = 2.3 (La = 10%) for BiB23-x BLa BxBVB4 BOB44.5-x/2 B(Figure 4.69). 
At x = 4.6, a different XRD pattern was observed.  
 
Only Pb P2+P  could  be  introduced  as  dopant  into  BiB12BPB2 BOB23 B to form solid solutions   
Bi B12-xBPb Bx BPB2 BOB23-x/2 B with x ≤ 0.6. Introduction of La P3+P and Sr P2+P into Bi B12BPB2 BOB23 B was 
unsuccessful. XRD results reveal that 5 mol% La-doped Bi B12BPB2 BOB23 B is a mixed phase 
material of Bi B7 BPOB13 B and an unidentified phase (Figure 4.70). An impurity peak at           
2θ = 46.3PoP was seen and it was more intense in 10 mol% La-doped Bi B12BPB2 BOB23B (x = 1.2).  
 
Meanwhile, a possible mixed phases of a phase with cubic symmetry and space group 
of Fm3m, Bi B7 BPOB13 B (monoclinic symmetry, P2B1 B space group) and other unidentified 
phase/phases were formed in the composition of x = 1.2. Similar observation was 
obtained in Sr-doped Bi B12BPB2 BOB23. 
 
The results show that neither SiP4+P, Ti P4+P, Mo P6+P nor WP6+P could be introduced into Bi P3+P site 
of xBi B2BOB3 B-M B2BOB5 B where x = 5.75, 6, 7 and M = P, As, V. Similarly, introduction of 5 
mol% dopant of PbP2+P, Sr P2+P and La P3+P into 7Bi B2BOB3 B-M B2 BOB5 B, M = P, As, V was unsuccessful.   
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                         Figure 4.69: XRD patterns of BiB23-x BLa BxBVB4 BOB44.5-x/2B solid solutions: 
(a) x = 0, (b) x = 1.15, (c) x = 2.3, (d) x = 4.6 
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                               Figure 4.70: XRD patterns of BiB12-xBLa Bx BPB2 BOB23-x/2 B solid solutions: 
(a) x = 0, (b) BiB7 BPOB13 B, (c) x = 0.6, (d) x = 1.2 
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4.4.6.2  Electrical Properties 
Conductivity measurements were carried out on doped single phase materials. 
Arrhenius plots of 5.75Bi B2 BOB3 B-MB2 BOB5 B, M = P, As, V and doped materials are shown in 
Figure 4.71. There was no improvement in the conductivity with respect to that of the 
undoped materials. The partial substitution of BiP3+P by Pb P2+P or LaP3+P also led to an 
increase in activation energy.  
 
Table 4.29 shows conductivity at 300PoPC and 600 Po PC and activation energy of    
5.75Bi B2 BOB3 B-M B2BOB5 B, M = P, As, V and related materials. 
 
Table 4.29: Conductivity (σB300B and σ B600B) and activation energy (EBaB) of 5.75BiB2 BOB3 B-MB2 BOB5 B,  
                   M = P, V, As and related materials 
 
Sample                       σ B300B x10P -5 P / ohmP-1 PcmP-1                       Pσ B600 B x10P-3 P/ ohmP-1 PcmP-1 P                       EBa B(eV) 
 
BiB23BP B4BO B44.5B   3.10           2.89            0.67                
BiB21.85BPb B1.15BP B4BOBδ     B  0.84           2.33            0.81 
BiB23BAs B4BO B44.5B   5.66           7.21            0.72 
BiB21.85BLaB1.15BAs B4BOBδ   B2.10           4.27            0.77 
BiB23BV B4BO B44.5B                           13.37                      10.31            0.63 
BiB20.7BLaB2.3BV B4BO Bδ        B               1.34          2.43                          0.77 
 
 
Figure 4.72 shows the Arrhenius plots of Bi B12-x BPb Bx BPB2 BOB23-x/2 B solid solutions. At low 
temperatures (< 500Po PC), 5% Pb-doped Bi B12 BPB2BOB23 Bhas lower conductivity than that of the 
undoped material. Besides, the activation energy of doped material at 0.80 eV is slightly 
higher than that of undoped material which is 0.75 eV.  
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                       Figure 4.72: Arrhenius plots of BiB12-x BPb Bx BPB2 BOB23-x/2 B solid solutions: 
                                           (a) x = 0, (b) x = 0.6 
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CHAPTER 5 
CONCLUSION 
 
 
There are two solid solution series in xBiB2 BOB3 B-PB2BOB5 B system, 5.5 ≤ x ≤ 7.25. They are in 
the range of 5.5 ≤ x ≤ 6 and 7 ≤ x ≤ 7.25. These materials were refined in triclinic 
symmetry with space group P-1 and monoclinic symmetry with space group P2B1 B, 
respectively. Generally, lattice parameters and volumes of these materials increased 
with increasing Bi content. These single phase materials appeared to be oxide-ion 
conductors. The highest conductivity is obtained in BiB23 BPB4 BOB44.5B with a σ value of      
3.10 x 10P-5 P ohmP-1 P cmP-1 P and activation energy of 0.67 eV at 300Po PC. Generally, at 300Po PC, 
conductivity of the single phase materials in xBi B2BOB3 B-PB2 BOB5 B binary system decreased in 
the order of: 
                                   5.75 > 6 > 5.667 ~ 7.25 > 5.5 > 7  
 
A reversible phase transition was observed in Bi B7BPOB13 Band Bi B29BPB4 BOB53.5 B at around 870PoPC, 
which probably corresponded to ε → σ transition. IR analysis of xBi B2 BOB3 B-PB2 BOB5 B binary 
system, 5.5 ≤ x ≤ 7 showed intense bands at ~970 cmP-1 P and ~544 cmP-1 P, which were 
assigned to ν(P-O) and ν(P-P) types of vibration, respectively. Meanwhile, the Raman 
spectrum of Bi B23 BPB4 BOB44.5B showed an intensive band at 349 cmP-1 P and a strong band at    
947 cmP-1 P, which were also assigned to ν(P-O) type of vibration. 
 
The formation of solid solutions was observed in xBi B2BOB3 B-As B2 BOB5 B: 5 ≤ x ≤ 6.25. In 
addition, BiB7 BAsOB13 B was a single phase material which was refined in monoclinic 
symmetry. Generally, the lattice parameters and density of the materials increased with 
increasing Bi content. Ionic conduction was observed in the materials studied in    
Bi B2 BOB3 B-As B2BOB5 B binary system. Among them, Bi B23 BAs B4 BOB44.5B has the highest conductivity: 
5.66 x 10P-5 PohmP-1 P cmP-1 P at 300 PoPC. No phase transition was observed for materials of 
compositions xBiB2 BOB3 B-As B2 BOB5 B, 5 ≤ x ≤ 6. However, a reversible phase transition at around 
946 Po PC in both heating and cooling cycles was observed in Bi B7 BAsOB13 B. At 5 ≤ x ≤ 6, the 
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IR spectra showed a weak shoulder at ~736 cmP-1 P, which is absent when x = 7. This 
implies that the crystal structure of Bi B7 BAsOB13 Bis different from the other materials 
obtained in Bi B2 BOB3 B-As B2BOB5 B binary system. 
 
Single phase materials were formed in xBi B2BOB3 B-VB2 BOB5 B binary system, 5 ≤ x ≤ 6 and x = 7. 
The conductivity values of these materials range from 10P-7 P to 10 P-2 P ohmP-1 PcmP-1 Pbetween 
200 and 850Po PC with an activation energy of approximately 0.70 eV. The highest 
conductivity is obtained in Bi B23 BVB4 BOB44.5B with a σ value of 1.34 x 10P-4 P ohmP-1 P cmP-1 P and 
activation energy of 0.65 eV at 300PoPC. 
 
Bi B23BVB4 BOB44.5 B appears to exhibit ferroelectric properties since the peak heights of the 
modulus plots were dependent on temperature. It is evident that there was a significant 
difference between the peak height at 178PoPC and 188 Po PC, which could be attributed to the 
phase transition occurring at ∼180Po PC observed in DTA study.  Arrhenius plot of 
Bi B23BVB4 BOB44.5 B clearly showed curvature at ∼180PoPC.  Thus the thermal event observed in 
DTA appears to correspond to an order-disorder type of transition, which is manifested 
in the change in the electrical properties of Bi B23BVB4 BOB44.5 B. This phase transition was also 
observed in Bi B17BVB3 BOB33.B 
 
Solid solutions were formed in BiB2 BOB3 B-MB2 BOB5 B (M = P, V, As) systems. The presence of V 
appeared  to enhance  oxide  ion  conductivity better than As  and  P.  At  temperatures 
< 200Po PC, a phase transition was observed in Bi B23BPB4-4x BVB4xBOB44.5B and Bi B23 BAs B4-4x BVB4xBOB44.5 B. 
The phase transition temperatures generally decreased with increasing x.  Besides, 
Bi B7 BPB1-x BVBx BOB13 B and Bi B7 BAs B1-x BVBx BOB13B solid solutions also showed a phase transition at 
∼860PoPC and 920Po PC, respectively. Co-existence of P-O and As-O bonding in As-doped 
Bi B22BPB4 BOB43 B was evidenced in their IR spectra. Similarly, co-existence of P-O and V-O 
bonding was observed in V-doped Bi B22BPB4 BOB43 B. 
 
Only Pb P2+P and La P3+P could be doped into BiB23 BPB4 BOB44.5 B and Bi B23 BMB4 BOB44.5 B, M = As, V, 
respectively with very limited solid solution formation. Nevertheless, there was no 
improvement in the conductivity with respect to that of the undoped materials. 
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